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EXECUTIVE SUMMARY 

This report supports Task 10 of FAA Contract DTFA03-02-C-00044, Data Analysis.  The Statement 

of Work requires that the contractor analyze the crack data (patterns, distributions, sizes and shapes) 

calculated during the Damage Characterization (Task 9) and demonstrate how to use this data to 

characterize MSD crack initiation, crack detection, crack link-up, residual strength and the WFD 

average behavior in the structures removed.  Analysis methods will be developed to correlate the state 

of MSD at any point in time. 

This Task in the Statement of Work requires quarterly updates reporting the procedures, data, and 

results obtained in the previous quarter.  This report is the Ninth Quarter Update, and satisfies the third 

deliverable requirement of CLIN 0003c. 
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CHAPTER 1.  INTRODUCTION AND SUMMARY 

Introduction 

This report supports Task 10 of FAA Contract DTFA03-02-C-00044, Data Analysis.  The Statement 

of Work requires that  the contractor analyze the crack data (patterns, distributions, sizes and shapes) 

calculated during the Damage Characterization (Task 9) and demonstrate how to use this data to 

characterize MSD crack initiation, crack detection, crack link-up, residual strength and the WFD 

average behavior in the structures removed.  Analysis methods will be developed to correlate the state 

of MSD at any point in time. 

Analytical work within this task includes: 

• Generate Stress Spectra 

• Determine and document how to estimate number of cycles to crack initiation and estimate the size, 

extent and distribution of cracks characterizing MSD initiation.  Select one or more approaches and 

determine the applicability and feasibility in conducting WFD assessments. 

• Determine and document the size, extent and distribution of MSD causing a reduction of residual 

strength below predefined levels.  Select one or more approaches and determine the applicability 

and feasibility in conducting WFD assessments. 

• Conduct fatigue crack growth analysis for each structure removed.  Select one or more approaches 

and determine the applicability and feasibility in conducting WFD assessments. 

• Predict the fatigue crack growth and residual strength of the FASTER panels test.  Comment on the 

ability of the models to accurately analyze and predict crack growth and residual strength. 

The Data Analysis Task requires quarterly updates reporting the procedures, data, and results obtained 

in the previous quarter.  This revision is the Ninth Quarter Update, and satisfies the third deliverable 

requirement of CLIN 0003c. 
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Q4 Progress Summary 

1) Generate Stress Spectra 

• The load spectra for each test phase of FT1 and FT2 have been developed using finite element 

analysis (FEA) and crack growth simulation. A hierarchy of finite element analyses (see Figure 1-

1) was accomplished to develop FASTER loads for the FT2 and FT1 test panels. Results 

presented at the Q3 review were preliminary and applied to FT2 only.  Results completed this 

quarter are final for both FT1 and FT2. 

− The Global Stiffness Model of the forward fuselage was completed.  This model determined 

the overall load transfer pattern within the forward fuselage structural elements.  During Q4 the 

model was extended forward to encompass FT1 (see Chapters 3 and 4). 

− The FT2 and FT1 Intermediate Stiffness Models were completed.  These models determined 

the stress state in the primary test area along the lap joint under several flight conditions (see 

Chapters 3 and 4). 

− The FT2 and FT1 Test Panel Models were completed.  These models have geometry and 

boundary conditions consistent with the modified test panels and the FASTER fixture.  

Actuator loads for the test plan were determined by iterating applied loads on this model until 

the stress state in the primary test area matched that of the Intermediate Stiffness Models (see 

Chapters 3 and 4). 

− The Half Bay Shell Model of a section of 0.040” lap joint and surrounding structure was 

completed.  This model determined the detailed stress and fastener load distributions within a 

lap joint frame bay used in the pre-test predictions (see Chapter 5). 

• A comparative analysis was completed to determine a constant amplitude test spectrum that 

produces crack growth equivalent to that seen in service. Results presented at Q3 review were 

preliminary and applied to FT2 only.  Those results are now considered final and are applicable 

to both FT1 and FT2 (see Chapter 2). 
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2) Determine and document how to estimate number of cycles to crack initiation and estimate the size, 

extent and distribution of cracks characterizing MSD initiation. 

• Finite element analysis was accomplished to identify requirements for accurate simulation of 

residual stresses due to rivet installation in a typical B727 lap joint. These fastener rivet models 

are used to investigate the residual stresses and displacements in the skin, towards identifying the 

relationships between the installation process and crack initiation. Nonlinear axisymmetric and 3D 

models were developed and preliminary results for residual hoop stresses were obtained (see 

Chapter 6). 

3) Determine and document the size, extent and distribution of MSD causing a reduction of residual 

strength below predefined levels. 

• An engineering approach to residual strength analysis based on an empirically tuned criteria was 

incorporated into an MSD propagation simulation.  This approach allows prediction of the 

residual strength of any simulated MSD state (see Chapter 7). 

4) Conduct fatigue crack growth analysis for each structure removed. 

• An MSD propagation simulation was developed to model the growth of independent cracks from 

each hole in a fastened joint.  Although used during Q4 for pre-test prediction, the simulation was 

designed for broader applications, including the propagation of random initial MSD states as part 

of a Monte-Carlo simulation (see Chapter 7). 

5) Predict the fatigue and residual strength of the FASTER panels test. 

• The MSD propagation simulation was used to make pre-test predictions for the FT2 and FT1 

FASTER tests.  The predictions for Phases 1 and 2 required simulation of MSD crack growth 

under service conditions.  In addition, the prediction for Phase 3 required simulation of residual 

strength degradation and subsequent MSD link-up (see Chapter 7). 
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Q5 Progress Summary 

1) Generate Stress Spectra 

• The load spectra for each test phase of all four panels have been completed using finite element 

analysis (FEA) and crack growth simulation. The FEA hierarchy developed in Q4 was extended 

to develop final FASTER loads for the FT1, FT2, and FT3 test panels. A simplified hierarchy 

was used to develop FASTER loads for FT4. 

− The Global Stiffness Model of the forward fuselage was extended to encompass FT3.  This 

model determined the overall load transfer pattern within the forward fuselage structural 

elements.(see Chapters 3 and 4). 

− The FT3 and FT4 Intermediate Stiffness Models were completed.  These models determined 

the stress state in the primary test area along the lap joint under several flight conditions (see 

Chapters 3 and 4). 

− The FT3 and FT4 Test Panel Models were completed.  These models have geometry and 

boundary conditions consistent with the modified test panels and the FASTER fixture.  (see 

Chapters 3 and 4). 

• A comparative analysis was completed to determine a constant amplitude test spectrum that 

produces crack growth equivalent to that seen in service for each of the four panels. Previous 

results for FT1 and FT2 included only cabin pressure and vertical bend loads.  Results developed 

this quarter also included nose landing yaw loads (FT3) and vertical fin gust loads (FT4) within 

the baseline spectra (see Chapter 2).  In addition, the analysis was re-accomplished for FT1 and 

FT2 to reflect an increase in testing pressure. 

2) Determine and document how to estimate number of cycles to crack initiation and estimate the size, 

extent and distribution of cracks characterizing MSD initiation. 

• Preliminary equivalent flaw size distributions based on non-parametric integration of striation 

count data were developed to evaluate this methodology for modeling MSD initiation and growth 

(see Chapter 8). 
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3) Determine and document the size, extent and distribution of MSD causing a reduction of residual 

strength below predefined levels. 

• The residual strength analysis capability of the MSD propagation simulation was improved to 

allow for shear and bending loads (see Chapter 7). 

4) Conduct fatigue crack growth analysis for each structure removed. 

• The crack growth analysis capability of the MSD propagation simulation was improved to allow 

for shear and bending loads (see Chapter 7). 

5) Predict the fatigue and residual strength of the FASTER panels test. 

• The MSD propagation simulation was used to make pre-test predictions applicable to all four test 

panels (see Chapter 7). 
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Q6 Progress Summary 

1) Generate Stress Spectra 

• The panel FEA model of FT2 was modified to better model the boundary conditions of the 

FASTER fixture.  Complex displacement restraints were incorporated to model the frame radial 

and loader links and the fulcrum geometry of the skin loaders (see Chapter 3) 

• Predicted strain data at the FT2 strain gage locations were collected from the FT2 test panel 

model.  FEA predictions were compared to strain measurements on the FASTER panels for 

several conditions of 5 psi internal pressure (see Chapter 9). 

2) Determine and document how to estimate number of cycles to crack initiation and estimate the size, 

extent and distribution of cracks characterizing MSD initiation. 

3) Determine and document the size, extent and distribution of MSD causing a reduction of residual 

strength below predefined levels. 

• The residual strength analysis capability within the MSD propagation simulation for FASTER 

panels is complete, waiting for test results for validation (see Chapter 7). 

4) Conduct fatigue crack growth analysis for each structure removed. 

• MSD propagation simulation for FASTER panels is complete, waiting for test results for 

validation (see Chapter 7). 

5) Predict the fatigue and residual strength of the FASTER panels test. 

• Pre-test predictions for FT2 are complete. 
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Q7 Progress Summary 

1) Generate Stress Spectra 

• The FASTER circular buffer data was parsed to create time histories of the FASTER force 

transducers.  Time histories for frame and skin force transducers were compared to each other 

and to the FT2 Test Plan loads (see Chapter 9) 

• The panel FEA model of FT2 and new local models were used to determine the stress state in the 

stringer clips after cracking was discovered during testing.  FEA clip analysis was conducted for 

the nominal test plan loads and for loads taken from FASTER force transducers (see Chapter 9). 

• Options to address clip cracking for the remainder of FT2 testing were considered, with final 

recommendations listed (see Chapter 9). 

2) Determine and document how to estimate number of cycles to crack initiation and estimate the size, 

extent and distribution of cracks characterizing MSD initiation. 

• The non-deterministic approach was refined as a solution to a crack initiation classification 

problem.  Examples demonstrating the conceptual basis for non-deterministic classification were 

developed using crack length data from the damage characterization. (see Chapter 8) 

3) Determine and document the size, extent and distribution of MSD causing a reduction of residual 

strength below predefined levels. 

• The residual strength analysis capability within the MSD propagation simulation for FASTER 

panels is complete, waiting for test results for validation (see Chapter 7). 

4) Conduct fatigue crack growth analysis for each structure removed. 

• MSD propagation simulation for FASTER panels is complete, waiting for damage 

characterization and test results for validation (see Chapter 7). 
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5) Predict the fatigue and residual strength of the FASTER panels test. 

• Pre-test predictions for all four panels are complete.  The methodology and assumptions within 

those analyses may be updated following completion of the FT2 test (see Chapter 7). 
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Q8 Progress Summary 

1) Generate Stress Spectra 

• A 3D FEA model of one strip (3 fasteners) in the lap joint was created (see Chapter 6).  This 

model is an evolution of previous models in that it is curved circumferentially and loaded by 

internal pressure, rather than flat and loaded in tension.  This change allows the model to 

accurately capture the effects of skin bending and the resulting inflection points. 

• Finite Element Analysis of the FT2 test panel was used to evaluate circumferential skin cracking 

occurring outside of the test area (see Chapter 9).  Proactive pre-test modifications to FT1 were 

designed to prevent the reoccurrence of this cracking in future tests. 

2) Determine and document how to estimate number of cycles to crack initiation and estimate the size, 

extent and distribution of cracks characterizing MSD initiation. 

• Analytical crack growth models were used to backtrack to a distribution of equivalent initial flaw 

sizes (EIFS) for the frame bay FS 540- 560 4R (see Chapter 7).  While the EIFS distribution is 

closely tied to its backtrack methodology, a future analysis at another frame station will test if this 

distribution can be propagated forward to the current damage state. 

3) Determine and document the size, extent and distribution of MSD causing a reduction of residual 

strength below predefined levels. 

• Starting from the crack array at DSG, the damage in frame bay FS 540- 560 4R was propagated 

forward using the MSD propagation simulation.  The crack array vs flight cycles was evaluated 

against failure criteria at the regulatory residual strength requirements of JAR 25.571 (see Chapter 

7). 

4) Conduct fatigue crack growth analysis for each structure removed. 

• FADD2D models of starburst cracking were accomplished to determine the effects of pin loading 

and finite edge widths on crack propagation characteristics (see Chapter 7). 
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• The MSD propagation simulation was validated against striation count data for every lower row 

hole in frame bay FS 540- 560 4R (see Chapter 7).  The MSD simulation was shown to be a 

good model of MSD average behavior in this area. 

5) Predict the fatigue and residual strength of the FASTER panels test. 

• Pre-test predictions for all four panels are complete.  The methodology and assumptions within 

those analyses may be updated following completion of the FT2 test (see Chapter 7). 
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Q9 Progress Summary 

1) Generate Stress Spectra 

• FEA stress results from a 2D axisymmetric rivet model (Ga. Tech) were successfully mapped 

onto the 3D strip model of the 3-row lap joint (see Chapter 6).  This mapping was a 

methodology demonstration to ensure that local stress concentrations related to hole quality, rivet 

installation, and surface sealant can be incorporated into a 3D strip model capturing second order 

bending and load transfer effects.  Future work will map local stresses from 3D local rivet models 

onto the 3D strip model. 

• Finite Element Analysis to determine FT1 test loads was reaccomplished, based on lessons 

learned from FT2 testing. 

• Finite Element Analysis of the FT1 test panel was used to refine pre-test modifications designed 

to prevent the reoccurrence of the longitudinal edge cracking seen in FT2.(see Chapter 9). 

2) Determine and document how to estimate number of cycles to crack initiation and estimate the size, 

extent and distribution of cracks characterizing MSD initiation. 

• A prototype Probabilistic Neural Network (PNN) was evaluated using single parameter data as 

part of a building block approach to crack initiation modeling.  Evaluation data was representative 

of a Probability of Detection classification problems, and comparisons were made to a standard 

industry approach.  This evaluation successfully demonstrated the PNN’s ability to model data of 

the volume and distribution expected from the Damage Characterization Task.  Future work will 

expand the PNN to model the effects of the multiple parameters affecting crack initiation. 

• A Weibull distribution was fit to the backtracked equivalent initial flaw sizes (EIFS) for one frame 

bay developed during Q8 (see Chapter 7).  This distribution was the basis for a Monte Carlo 

simulation of MSD propagation to find distributions of crack lengths at 60,000 cycles.  Future 

work will use results from the PNN initiation model as a basis for the Monte Carlo MSD 

simulation. 
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3) Determine and document the size, extent and distribution of MSD causing a reduction of residual 

strength below predefined levels. 

• The predicted crack arrays from the Monte Carlo MSD simulation were evaluated against failure 

criteria at the regulatory residual strength requirements of JAR 25.571 (see Chapter 7). 

4) Conduct fatigue crack growth analysis for each structure removed. 

• The predicted crack arrays from the Monte Carlo MSD simulation were compared against crack 

length measurements from the lower row hole in frame bay FS 540- 560 4R (see Chapter 7).  

The MSD simulation was shown to be a good model of MSD average behavior for this airplane.  

Further work would be needed to apply these results to other airplanes in the fleet. 

5) Predict the fatigue and residual strength of the FASTER panels test. 

• Pre-test predictions for all four panels are complete.  The methodology and assumptions within 

those analyses may be updated following completion of the FT1 test (see Chapter 7). 
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Figures 

 

Figure 1-1:  Finite Element Analysis Hierarchy for Test Plans 
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CHAPTER 2: TEST SPECTRUM 

The test spectrum during Phases 1 and 2 is designed as a compromise between two requirements: that 

the crack growth in the test specimen represent the crack growth in a service airplane, and that the 

spectrum be reasonably simple to program and accomplish at the FASTER facility.   

The discussion in this section is focused on the Phase 1 and 2 test spectrum.  The Phase 3 test spectrum 

is a Constant Amplitude application of the critical residual strength requirement of 14 CFR 25.571 and 

JAR 25.571 (see Chapters 3 and 4). 

The steps to develop the FASTER spectrum that produces equivalent MSD propagation to that seen in 

service are: 

1) Develop a Baseline Spectrum for each panel that represents the variety of loads seen during service. 

a) Cabin pressurization is 8.6 psi every flight. 

b) Flight and ground load exceedance data is taken from published data for B727 and similar 

transport aircraft. 

c) FT1 and FT2 representative spectra include pressure and vertical bending loads 

d) FT3 representative spectrum includes pressure, vertical bending, and NLG yaw loads 

e) FT4 representative spectrum includes pressure, vertical bending, and vertical fin loads 

2) Conduct iterative Crack Growth Equivalency Analysis to determine the constant amplitude test 

spectrum that produces similar crack growth to the Representative Spectrum. 

It is important to note that these spectra are not intended to be conservative, and it is acknowledged 

that crack growth in service could be faster or slower than during this testing.  Therefore, the baseline 

spectrum is not intended for repair assessment, analysis of STC’s, or any other certification damage 

tolerance analysis, and the test spectrum is not intended for certification fatigue testing 
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Baseline Spectrum 

The hoop and shear skin stresses at the S-4 lap joint are due predominantly to two loads - cabin 

pressurization and fuselage bending.  The cabin pressurization varies little from flight to flight, and a 

once-per-flight fatigue stress based on the cabin pressure differential (∆P) is an accurate model.  

Fuselage bending is a function of maneuver, gust, and other varying loads whose frequency of 

occurrence has been the subject of much industry research.  In addition to frequency, the grouping and 

sequence of the fuselage bending loads are important to crack growth and retardation. 

FT1 and FT2 are in the forward fuselage, where vertical bending loads due to positive load factors are 

sufficient for the baseline spectrum.  FT3 is forward of the wing, where shear stresses due to nose 

landing gear yaw are potentially significant.  FT4 is aft of the wing, where torsion and shear stresses due 

to vertical fin gusts are potentially significant.  Occurrences of these load conditions based on published 

service data were included in the respective baseline spectra for FT3 and FT4. 

Vertical Bending 

One established experimental spectrum for flight loads is the Transport Wing Structures or TWIST.  

The truncated version mini-TWIST outlined in Ref [2-1] is a collection of 4,000 flights as shown in 

Table 2-1.  Within the 4,000 flights, there is a range between the single severe “A” flight and the 2,211 

mild “J” flights.  Each “J” flight has a single excursion from 1-g cruise with a cycle from 1.222 g’s to 

0.778 g’s.  The “A” flight contains 1,100 load cycles, including 500 0.222 g “J” excursions and a single 

1.6 g excursion up to 2.6 g’s.  

The TWIST spectrum was based on a survey of transport aircraft, but in some ways it is more 

aggressive than necessary for this testing.  For example, the Mini-TWIST spectrum has four flights 

excursions at or above 2.5 g’s every 4,000 flights.  This level corresponds to a limit load condition for 

the B727, an event which is unlikely to occur in an aircraft’s entire service career. 

Exceedance data for the B727-232 has been published by NASA in Ref [2-2].  In addition, extensive 

operational and exceedance data has been published for the 737-400 in Ref [2-3].  As shown in Table 

2-2, the transport missions of the 727-232 and 737-400 are similar, so it is reasonable to take the 737-

400 data as representative of the test airplane’s service. 
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Flight 1.6 1.5 1.3 1.15 0.995 0.84 0.685 0.53 0.375 0.222 Cycles in Flight
A 1 1 1 1 4 8 18 64 112 391 500 1100
B 1 1 1 2 5 11 39 76 366 449 950
C 3 1 1 2 7 22 61 277 379 750
D 9 1 1 2 14 44 208 270 540
E 24 1 1 6 24 165 213 410
F 60 1 3 19 115 157 295
G 181 1 7 70 97 175
H 420 1 16 25 42
I 1090 1 2 3
J 2211 1 1
Total Cycles at Total Cycles
Amplitude 1 2 5 18 52 152 800 4170 34800 51496 91496  

Table 2-1:  Frequency Table of Cycle Amplitudes for Mini-Twist 

 

 Typical B727 per Aircraft 
Information Report 

727 per Ref [2-2] B737-400 per Ref [2-3] 

Stage Length 600 nm  734 nm 550 nm  (Median, Fig A-11) 
Cruise Altitude 33,000 ft 34,000 ft 31,100 ft  (Average, Fig. A-7) 
Flight Length 1.4 hrs 1.8 hrs 1.42 hrs (Average, A-59 60) 
Time in Climb 19% 18% 18%  (Average, Fig. A-58) 
Time in Descent 25% 18% 25%  (Average, Fig. A-58) 

Table 2-2: 727 to 737-400 Mission Comparison 

Figure 2-1 shows an exceedance comparison between Mini-TWIST factored by 50%, the NASA 

reported 727, and the 737-400 data.  The lines in Figure 2-1 are taken from a plot of cumulative 

occurrences for combined maneuver and gust vertical loads ( Ref [2-3], Figure A-59), normalized by 

the average 1.42 hr flight time.  This comparison shows good agreement between the TWIST-based 

model and the two service data sources.  Therefore, the vertical bending component of the baseline 

spectra use the 50% Mini-TWIST spectrum with amplitudes shown in Table 2-3. 
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Flight 0.8 0.75 0.65 0.575 0.4975 0.42 0.3425 0.265 0.1875 0.111 Cycles in Flight
A 1 1 1 1 4 8 18 64 112 391 500 1100
B 1 1 1 2 5 11 39 76 366 449 950
C 3 1 1 2 7 22 61 277 379 750
D 9 1 1 2 14 44 208 270 540
E 24 1 1 6 24 165 213 410
F 60 1 3 19 115 157 295
G 181 1 7 70 97 175
H 420 1 16 25 42
I 1090 1 2 3
J 2211 1 1
Total Cycles at Total Cycles
Amplitude 1 2 5 18 52 152 800 4170 34800 51496 91496  

Table 2-3:  Frequency Table for 50% Mini-TWIST 

During Q4, the pressurized fuselage gust and maneuver spectrum discussed in Ref [2-4] was evaluated 

as a potential representative spectrum.  Other spectra discussed in Ref [2-4] are a lateral gust loading 

spectrum, ground loading spectrum, fighter aircraft maneuver spectrum, and a wing gust and maneuver 

spectrum.  Based on correspondence with the paper’s author, the pressurized fuselage spectrum was 

generated by superimposing the wing gust and maneuver loads spectrum onto cabin pressure loads.  

The gusts were calculated using the equations and parameters included in Appendix G of FAR-25, and 

the maneuvers were calculated using MIL-A-8866B (Maneuvers for transport aircraft).  Like Mini-

TWIST, this spectrum is used for coupon testing and has not been validated as representative of a 

specific large transport aircraft. 

Comparison of the total excursion exceedance from 1-g shows the Ref [2-4] spectrum to be very 

similar to Mini-TWIST (see Figure 2-2).  The Ref [2-4] spectrum was developed for the Gulfstream 

G200 business jet, which has a MTOW of 35,450  lbs.  This weight leads to a limit maneuver load 

factor of 2.63g (14 CFR 25.337), higher than the 727’s 2.5g limit.  This higher limit load is evident in 

the Ref [2-4] spectrum.  Like Mini-TWIST, the Ref [2-4] fuselage spectrum is too severe to represent 

B727 service without factoring of the excursion amplitudes.   

The conclusions from this Q4 evaluation are a) it is reasonable to create a fuselage gust and maneuver 

spectrum through superposition of wing load factors and pressure loads, and b) once factored, use of 

the Ref [2-4] fuselage spectrum would produce similar results to those gained with ∆P+50% Mini-

TWIST.  Therefore, ∆P+50% Mini-TWIST is retained as the representative spectrum for 

pressurization plus vertical bending loads. 
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Nose Landing Gear Yaw 

This condition is defined by the requirements of CAR 4b.235(e) “Ground Handling Conditions – Nose 

Gear Yawing”.  NLG yaw was included in the baseline spectrum for FT3 because it produces shear 

within the S-4 lap joint.  However, the CAR 4b.235(e) condition is in static equilibrium application of 

loads; a prescribed lateral load at the NLG is balanced by braking at one MLG (see Figure 2- 3).  This 

type of load application is not a common service event, so a conservative estimate of NLG yaw 

occurrence was developed for the baseline spectrum. 

NLG side loads typically occur during normal turns, so the conservative estimate of NLG yaw load 

frequency and amplitude is based on published data for side loads [2-5]. The Side Load condition is 

defined by the requirements of CAR 4b.235(c) “Ground Handling Conditions – Turning”, which is a 

static 0.5 g side load on all three gear sets.  The exceedance diagram for lateral load factor during turns 

is shown in Figure 2- 4, as well as the conservative estimate used within the FT3 baseline spectrum: 4 

worst case (left) NLG yaws per flight at 50% limit.  

Cycle-by-cycle analysis were conducted including and excluding this conservative condition, with no 

appreciable difference between the analysis outcome.  One conclusion from this analysis is that the NLG 

yaw has no appreciable effect to lap joint MSD growth. 

Vertical Fin Gust 

This condition is defined by the requirements of CAR 4b-215 ”Yawing Conditions – Lateral Gust” (see 

Figure 2- 5).  Since rudder maneuver fatigue loads from service are not widely available, an engineering 

model for combined gust/maneuver fin loads was developed using 727 derived gust velocities in Ref [2-

2]. 

An engineering model based on the mini-TWIST frequency table is ideal for two reasons: 

• Factored mini-TWIST was shown to be effective model for vertical gust and maneuver loads 

• Using mini-TWIST for lateral loads simplifies incorporation of those loads into a TWIST-based 

cycle-by-cycle analysis. 
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For this model, a Limit Mini-TWIST table was created by transforming the load factor data in Table 2-

1 to a limit factor table by factoring all amplitudes by 1/1.5 (see Table 4).  This transformation is 

founded on the 2.5 g limit load definition in 14 CFR 25.337, which is equal to a 1.5g excursion from 1g 

in Table 2-1.  As with vertical load factor, the factor applied to the limit mini-TWIST amplitudes was 

tuned to match the service data as shown in Figure 2- 6.  Based on this analysis, the FT4 baseline 

spectrum includes a 60% Limit mini-TWIST fin gust. 

Table 4:  Mini-TWIST Frequency Table as Percent of Limit Load 

Flight 107% 100% 87% 77% 66% 56% 46% 35% 25% 15% Cycles in Flight
A 1 1 1 1 4 8 18 64 112 391 500 1100
B 1 1 1 2 5 11 39 76 366 449 950
C 3 1 1 2 7 22 61 277 379 750
D 9 1 1 2 14 44 208 270 540
E 24 1 1 6 24 165 213 410
F 60 1 3 19 115 157 295
G 181 1 7 70 97 175
H 420 1 16 25 42
I 1090 1 2 3
J 2211 1 1
Total Cycles at Total Cycles
Amplitude 1 2 5 18 52 152 800 4170 34800 51496 91496  
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Baseline Spectra Summary  

In summary, the baseline spectra for the test panels contain the following components: 

1) FT1 and FT2 

a) Cabin pressurization 

b) 50% Mini-TWIST vertical load factor 

2) FT3  

a) Cabin pressurization 

b) 50% Mini-TWIST vertical load factor 

c) 4 per flight conservative NLG yaw at 50% limit 

3) FT4 

a) Cabin pressurization 

b) 50% Mini-TWIST vertical load factor 

c) 60% Limit Mini-TWIST fin load factor 
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Test Spectrum Profile 

Potential FASTER load spectra were developed for evaluation from three potential load profiles: 

1) The Constant Amplitude is the simplest, which has advantages when programming the test 

controller, performing the crack growth analysis, and conducting the subsequent fractography.  A 

schematic Constant Amplitude Spectrum is shown in Figure 2-7. 

2) The 250-step Composite Spectrum has been validated by one OEM in Ref [2-6] as producing 

accurate damage propagation and retardation behavior in structures where flight loads are dominant.  

Note that FASTER panels FT1 and FT2 are cut from the forward fuselage where loads due to 

cabin pressurization are more influential than flight loads.  FASTER panels FT3 and FT4 are 

adjacent to the wing and have stronger flight load effects.  A schematic 250-step Composite 

Spectrum is shown in Figure 2-8.  

3) The 10-Step Composite Spectrum is a compromise between the two previous options.  A 

schematic 10-Step Composite Spectrum is shown in Figure 2-9. 

Following significant evaluation during Q4 and Q5, a constant amplitude test spectrum will be used for 

all phases of all tests: 

• This spectrum provides the best test logistics, with an estimated 80 flt cyc/hr (at 45 second per 

cycle) 

• Use of this spectrum simplifies any future use of the test data, such as validating WFD assessment 

methods.  For example, a constant amplitude analysis allows closed-form integration of crack growth 

rate during a crack growth analysis, while other options would require a cycle-by-cycle analysis. 

• Only minor effects of the variable amplitude service loads were found during examination of fracture 

surfaces (see Q4 and Q5 Damage Characterization reports). 
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Crack Growth Equivalence 

A series of crack growth analyses were run to determine load factors to use for each spectrum to 

produce crack growth rates equivalent to the baseline spectrum.  All analysis had the following 

characteristics in common: 

• Stresses at each flight condition at S-4 and the center of each test panel. 

• Separate analyses conducted in the hoop (longitudinal cracking) and axial (circumferential cracking) 

directions. 

• Normal and shear stresses combined using formula similar to the maximum principal stress: 

σ
σ x

2

σ x

2

2

τ x
2

 

• Stress intensity function for infinite series of 5/32 fastened holes with equal length diametric cracks, 

39% load transfer. 

• Cycle-by-cycle crack growth using the modified Forman equation, with empirical constants from 

reference [2-7]. 

The objective of this analysis is to determine the equivalence factors that should be applied to each load 

case.  Since this equivalence factor must be valid for all damage propagation in the test panel, it cannot 

be highly sensitive to the assumed crack geometry or the nominal stress. 

The analysis results for longitudinal and hoop loads are shown in  Figure 2-10 through Figure 2- 14.  Up 

to six crack growth results are plotted: 

• The baseline spectrum 

• The test spectrum with tuned equivalence factors 

• A conservative constant amplitude spectrum of 1.5∆P +1.5g recommended for crack growth 

analysis of a generic aircraft repair by the Los Angeles ACO [2-8] 
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• A conservative constant amplitude spectrum of (∆P+0.5 psi) +1.3g recommended for crack growth 

analysis of a generic antenna installation by the FAA Chief Scientific Advisor - Fracture Mechanics 

[2-9]. 

• A Constant Amplitude spectrum of ∆P +1.25g, with stress ratio at 0.1 

• A Constant Amplitude spectrum of ∆P +1.25g, with stress ratio at 0.0. 
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FASTER Test Spectra 

Fatigue Summary (Phases 1 and 2) 

Based on the crack growth equivalence, the conditions corresponding to the fatigue test spectrum are as 

follows: 

 

FT1 and FT2 

• Internal pressure, hoop, and axial loads 

• 8.9 psi internal pressure (normal operating + 0.3 psi) 

• 1.25g vertical load factor 

 

FT3 

• Internal pressure, hoop, axial, and shear loads 

• 8.9 psi internal pressure  

• 1.25g vertical load factor 

 

FT4 

• Internal pressure, hoop, axial, and shear loads 

• 8.9 psi internal pressure 

• 1.25g vertical load factor 

• 10% limit lateral fin gust 

 

See Finite Element Analysis (Chapters 3 and 4) for the development of FASTER actuator loads 

corresponding to these conditions. 
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Residual Strength (Phase 3) 

Assuming lap splice MSD is the dominant damage at the end of Phase 2, the residual strength spectrum 

during Phase 3 will be driven by the pressurized cabin conditions of JAR 25.571 (b)(5)(ii) which define 

a condition where “the maximum value of normal operating differential pressure (including the expected 

external aerodynamic pressures during 1 g level flight) multiplied by a factor of 1·15 omitting other 

loads.”  Note that this condition is more aggressive than the similar section of 14 CFR 25.571, which 

does not multiply the aerodynamic pressure by the 1.15 factor.  Applying this condition leads to Phase 3 

Constant Amplitude spectra as follows, with a 0.1 stress ratio: 

 

FT1, FT2, and FT3 

• 10.24 psi internal pressure (1.15 * [8.6 psi cabin + 0.3 ext. aero]) + 1.0 g vertical 

 

FT4 

• 10.24 psi internal pressure (1.15 * [8.6 psi cabin + 0.3 ext. aero]) + 1.0 g vertical 

 

See Finite Element Analysis (Chapters 3 and 4) for the development of FASTER actuator loads 

corresponding to these conditions. 
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Figure 2-1: Comparison Exceedance Diagram for 50% Mini-TWIST vs 727 and 737-400 

1

10

100

1000

10000

100000

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Excursion Magnitude from 1-g

E
xc

ee
da

nc
es

 in
 4

,0
00

 fl
ig

ht
s Mini-TWIST

Brot

 

Figure 2-2 Comparison Exceedance Diagram for Mini-TWIST vs Ref [2-4] 
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Figure 2- 3: Nose Landing Gear Yaw 
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Figure 2- 4: Side Load Exceedance and Conservative Model 
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Figure 2- 5: Vertical Fin Gust 
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Figure 2- 6:  Derived Gust Velocities 
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Figure 2-7: Constant Amplitude Spectrum (schematic only – actual profile need not be symmetric) 

 

Figure 2-8: 250-Peak Composite Spectrum 

 

Figure 2-9: 10-Peak Composite Spectrum 
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Figure 2-10:  FT2 Crack Growth Analysis for Hoop Loads 
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Figure 2-11: FT3 Axial Loads (Circumferential Cracking) 
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Figure 2- 12: FT3 Hoop Loads (Longitudinal Cracking) 
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Figure 2- 13:  FT4 Axial Loads (Circumferential Cracking) 
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Figure 2- 14:  FT4 Hoop Loads (Longitudinal Cracking) 
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PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

CHAPTER 3:  FT2 FINITE ELEMENT ANALYSIS 

Note:  The actuator loads for the revised loading conditions are listed in Table 3-5.   

Geometrically nonlinear finite element analysis was accomplished in order to assess stresses in the 

fuselage subjected to pressure and flight loads, and predict FASTER loads for the FT2 test panel.  

Geometrically nonlinear modeling was required to account for significant bending stiffening associated 

with membrane tension in the pressurized fuselage skin [3-1].  The skin bending stiffening affects the 

load distribution among the skin, stringers, and frames.  Multi-level stiffness models were developed in 

IDEAS finite element code.   

 

A global model of the B727-200 fuselage Section 43 was developed.  Figures 3-1 and 3-2 show the 

shaded and the wireframe views of the finite element mesh.  The fuselage has a constant 74” radius in 

the upper lobe above stringer 10 and variable radius in the lower lobe.  The model is 380” long.  Its 

forward end corresponds to the frame station 480, and the aft end is aligned with the frame station 740.  

The fuselage right side is symmetric to the left side except at the cargo door.  Shell elements of variable 

thickness simulate the fuselage skin.  Offset beam elements represent frames, stringers, intercoastals, 

and cargo door sills.  Beam elements are also used to simulate the skin splices and the floating frame 

attachments in the fuselage upper lobe area.  The total number of degrees of freedom is 50,000.  The aft 

end of the model is fixed.  The edge effects due to the constraints are not significant at the FT2 structure 

location.  The unmodified FT2 test panel structure is located between the frame stations 620 and 720, 

and stringers 2 and 7.  The test critical area is located between the frame stations 640 and 700, and 

stringers 4 and 5.  The loads include skin internal pressure, axial loads due to the pressure and bending 

applied at the frame station 480, and shear loads due to the weight of the aircraft, passengers and 

cargo, applied at the frame station 480 and distributed throughout the model [3-2].  The applied loads 

are shown in the table below: 
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PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

Load Location Magnitude 
Passenger (Positive 

gust condition) 
Locations on Floor beams at 45” and 25” 

from center 
70% of 6 abreast 
passenger seating-
All seats full with 
120 passengers 

Cargo Frames between 27R and 27L lower lobe 
(applied as force/frame/unit length) 

Average checked 
bag weight for 120 

passengers  
Gravity (1g) Entire Model 32.17 ft/sec2 

Front End Axial 
and Shear loads 

(Positive 
Maneuver) 

STA 480 (Front End) Varies with stringer 
locations 

Pressure Entire model 8.6 psi 

Table 3-1: Global fuselage section 43 loads 

The investigated loading scenarios included 8.6 psi pressure, and combined 8.6 psi pressure and 1g 

flight, 8.6 psi and 2.5g flight, and 9.89 psi and 1g flight conditions.  An existing beam-type solution 

supported by test evidence was used to estimate the loads at the frame station 480 in accordance with 

the positive maneuver condition.   

 

Figure 3-3 shows a contour plot of the skin hoop stress predicted by the global model for the 8.6 psi 

pressure loading case.  Figure 4 isolates the hoop stress in the FT2 panel area.  The skin axial and shear 

stress contour plots are shown in Figures 3-5 through 3-8.  The global model predicts a 13 ksi hoop 

stress and a 7 ksi axial stress in the FT2 panel area.  The shear stress is negligible.  Symmetric 

distribution of all stress components in the fuselage upper lobe shows that the cargo door effect is not 

significant in this area.  The axial stress level is higher than a 5.85 ksi stress determined based on an 

assumption of equal stresses in the skin and stringers.  This effect requires further investigation.   

 

In order to determine a more accurate stress distribution, an intermediate stiffness model of the 

unmodified FT2 panel structure was developed.  The model consists of linear shell elements with 

approximately 63,000 degrees of freedom.  A model with parabolic shell elements, developed to ensure 
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the computational accuracy, predicted the same stress and deformation states.  Geometrically nonlinear 

analysis results for models with linear elements are presented in this report.   

 

Figures 3-9 and 3-10 show the hoop and the axial stress contour plots predicted by the intermediate 

model for the 8.6 psi pressure loading case.  Symmetry displacement constraints are imposed at the 

model edges.  The axial load is applied at the forward and aft edges per the existing beam-type solution.  

The intermediate model predicts a 13.7 ksi hoop membrane stress and a 14.3 ksi hoop surface stress in 

the 0.04” skin.  The nominal tpRh =σ  hoop stress level is 15.9 ksi.  An average frame load is 12% 

of the total hoop load.  The predicted axial stress is 7.53 ksi that is higher than the assumed 5.85 ksi 

axial stress.  Such stress increase is associated with the skin axial stiffening from the pressure load.   

 

To investigate this effect, consider a curved 0.04” thick skin panel that panel has a 74” radius and is 80” 

long.  The panel is reinforced with 6 stringers symmetrically spaced at 9.6”.  The stringers are 0.032” 

thick.  The skin and the stringers are made of 2024-T3 Aluminum.  The Young modulus and the 

Poisson ratio of 2024-T3 Aluminum are E = 10.5 103 ksi and ν = 0.33 [3-3].  Symmetry constraints 

are applied at the panel edges.  A uniform 0.0185” axial displacement applied at the panel forward edge 

simulates a µεε 231800185.0 ==a  axial strain.  The resulting axial stress in the skin and the stringers 

is 43.2== aa Eεσ  ksi as shown in Figure 3-11.  A combination of this uniform axial strain with 8.6 psi 

pressure load results in a stress increase in the skin.  The skin stress becomes 

68.725.543.29.1533.043.2 =+=⋅+=+= haa E νσεσ  ksi as shown in Figure 3-12.  The stress 

redistribution is less straightforward if the axial load is applied instead of the uniform axial displacement 

to simulate a uniform stress state for panel in the absence of pressure load.  A 234 lb/in axial load to the 

skin and a 187 lb/in axial load to the stringers applied at the panel forward and aft edges result in a 5.85 

ksi uniform axial stress.  The corresponding finite element contour plot is shown in Figure 3-13.  If 8.6 

psi pressure only is applied, the skin axial stress becomes 2.12 ksi as shown in Figure 3-14.  A linear 

superposition of the tension and the pressure loading cases results in a 7.97 ksi axial stress in the skin.  
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The finite element analysis predicts a 7.98 ksi axial stress in the skin for the combined loading as shown 

in Figure 3-15.  As the applied axial load is increased, the linear superposition becomes less accurate.  

For example, if the axial load is increased to a 11.7 ksi, the finite element analysis predicts a 14.8 ksi 

axial stress in the skin instead of the expected 11.7 + 2.12 = 13.8 ksi as shown in Figure 3-16.   

 

A linear superposition of the stiffened axial stress due to pressure loading and the axial stress due to 

bending predicts a lower bound, and the stress stiffening for the pressure loading assumed for any 

additional axial loading predicts an upper bound to the skin axial stress due to the combined loading.  In 

the example considered above, the lower and the upper bounds to the combined axial stress are 7.97 + 

5.85 = 13.8 ksi and 7.157.1185.597.7 =⋅  ksi.   

 

The intermediate finite element model of the unmodified FT2 panel structure predicts a 7.53 ksi skin 

axial stress for the 8.6 psi pressure loading combined with the axial loading due to pressure per the 

existing beam-type solution, as well as for the 8.6 psi pressure loading combined with an equivalent 

0.0185” edge axial displacement, as shown in Figures 3-9, 3-10, 3-17 and 3-18.  An average value for 

the unstiffened axial stress at stringers 2-7 is 5.83 ksi per the existing beam-type solution.  Therefore, 

the axial stress stiffening coefficient is 7.53 / 5.83 = 1.29.  The intermediate model predicts a 8.43 ksi 

axial stress due to a 89.96.815.1 =⋅  psi pressure loading.  The corresponding stress stiffening 

coefficient is 1.26.  The estimated lower and the upper bounds to the skin axial stress due to the 

combined 8.6 psi pressure and 1g flight, 8.6 psi and 2.5g flight, and 9.89 psi and 1g flight conditions are 

shown in Tables 3-2 and 3-3.  Hoop membrane stresses of 13.7 ksi and 14.3 ksi, and hoop surface 

stresses of 15.7 ksi and 16.5 ksi are predicted for 8.6 psi and 9.89 psi pressure conditions, 

respectively.   

 

 

Loading Condition Skin Axial Stress Lower Bound, ksi 
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 STA 640 STA 700 Average 
8.6 psi and 1g  13.7 15.3 14.5 
8.6 psi and 2.5g 22.8 27.0 24.9 
9.89 psi and 1g 14.6 16.2 15.4 

Table 3-2: Estimated lower bounds to the skin axial stress 

 

Loading Condition Skin Axial Stress Upper Bound, ksi 
 STA 640 STA 700 Average 
8.6 psi and 1g  15.5 17.7 16.8 
8.6 psi and 2.5g 27.6 33.1 30.4 
9.89 psi and 1g 16.2 18.4 17.3 

Table 3-3: Estimated upper bounds to the skin axial stress 

 

The global model average axial stress results for the FT2 panel area are 13 ksi for the combined 8.6 psi 

pressure and 1g flight loading, 22 ksi for the combined 8.6 psi pressure and 2.5g flight loading, and 14 

ksi for the combined 9.89 psi pressure and 1g flight loading cases.  The average shear stress level in the 

FT2 panel area is 10% of the axial stress.  The stress contour plots are shown in Figures 3-19 through 

3-36.  The global model predictions for the axial stresses are approximately 10% below the estimated 

lower bound values.  An FT2 panel area model created on the same geometry as the fuselage global 

model, with a refined mesh of the same type elements as in the global model, and with the edge 

displacement boundary conditions mapped from the global model, predicts similar membrane stress 

values.  A 25% weight correction factor is applied to the loads in the global model to match the 

estimated lower bound axial stress values.  The corrected stress contour plots for the combined 8.6 psi 

and 1g flight loading are shown in Figures 3-37 through 3-42.   

 

A stiffness model of the FT2 test panel was developed in order to predict FASTER loads.  The model 

consists of linear shell elements with approximately 102,000 degrees of freedom.  Uniform axial and 

hoop loads are applied to the skin through rigid links simulating the FASTER skin loading mechanisms 

[3-4].  The FASTER facility provides 6 frame, 7 skin hoop and 4 skin axial load actuators. The loader 
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configurations are shown in Figures 3-43 through 3-45.  There are 4 load attachment points per skin 

actuator resulting in 28 points at each longitudinal edge, and 16 points at each circumferential edge of 

the panel.  In the finite element model, the load attachment points are constrained through independent 

links as shown in Figure 3-46.  For each link, the rotational DOF are free at the end that represents the 

fulcrum point to allow for the skin displacements.  Uniform hoop loads are applied to the frame ends.  

The frames are constrained through steel radial links represented by beam elements with a 0.5” by 1” 

rectangular cross section shown in Figure 3-47.  One rotational DOF is unconstrained at both ends of 

each radial link.   

The skin hoop load, frame load, and skin axial load resulting in the skin 13.7 ksi hoop membrane stress 

and 14.3 ksi hoop surface stress for 8.6 psi pressure, and the skin 15.7 ksi hoop membrane stress and 

16.5 ksi hoop surface stress for 9.89 psi pressure conditions, and the estimated lower bound axial 

stresses in the critical test area are listed in Table 3-4.   

 

Loading Condition Load per Frame, lbs Skin Total Hoop 
Load, lbs 

Skin Total Axial 
Load, lbs 

8.6 psi 1,465 64,368 21,384 
8.6 psi and 1g  1,465 64,368 55,000 
8.6 psi and 2.5g 1,465 64,368 105,424 
9.89 psi and 1g 1,685 74,023 58,208 

Table 3-4: Estimated lower bound axial stresses in the critical test area 

 

The contour plots for the axial and hoop stresses due to 8.6 psi pressure, and combined 8.6 psi 

pressure and 1g flight, 8.6 psi pressure and 2.5g flight, and 9.89 psi pressure and 1g flight loading 

conditions are shown in Figures 3-48 through 3-55.  It is worth noting that although the axial stress due 

to fatigue loading exceeds the hoop stress level, an estimated 40% local skin bending stress 

concentration at the stringer 4 lap joint will result in earlier longitudinal crack initiation.   

The actuator loads for the fatigue and limit load test conditions are listed in Table 3-5.   
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Loading Condition Load per Frame 
Actuator, lbs 

Load per Skin Hoop 
Actuator, lbs 

Load per Skin Axial 
Actuator, lbs 

8.6 psi and 1.25g  1,470 9,200 15,850 
9.89 psi and 1g 1,690 10,570 14,550 

Table 3- Actuator loads for the fatigue and limit load test conditions 5:  

 

The actuator loads for the revised fatigue and residual strength loading conditions are listed in Table 3-6.   

 

Loading Condition Load per Frame 

Actuator, lbs 

Load per Skin Hoop 

Actuator, lbs 

Load per Skin Axial 

Actuator, lbs 

8.9 psi and 1.25g  1,530 9,510 16,220 

10.24 psi and 1g 1,800 10,910 14,930 

Table 3-6: Actuator loads for the revised fatigue and residual strength loading conditions 

An initial strain survey has been conducted at 5 psi pressure and 5340 lb skin hoop, 860 lb frame, and 

2590 lb skin longitudinal actuator loads.  A 0.1212 frame to total hoop load ratio and a 115” 

pressurization length were used to calculate the frame and skin hoop actuator loads.  The loads applied 

to the test panel at the FASTER facility resulted in frame radial link compression.  The finite element 

model predicted tension in the frame radial links.  To resolve this discrepancy, the boundary conditions 

in the finite element model were refined as follows.  The local cylindrical coordinate systems were 

constructed for the skin loaders.  These coordinate systems had origins at the fulcrum point locations.  

The skin loaders were simulated by straight rigid elements with the displacement constraints applied in 

the local coordinate systems at the ends not attached to the skin as shown in Figure 3-56.  One 

translational DOF corresponding to the load direction was unconstrained for each link.  Two rotational 

DOF were unconstrained for the skin hoop links, and all rotational DOF were unconstrained for the 

skin longitudinal links.  Each frame had a simulated hoop loading mechanism, in addition to an 

independent radial link constraint as shown in Figure 3-57.  The frame hoop loaders were represented 

by straight rigid elements with the displacement constraints applied in the local coordinate systems at the 

ends not attached to the frames.  One rotational and one translational DOF corresponding to the load 
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direction were unconstrained for each frame hoop link.  Also, the frame and skin loads were applied in 

the loader local coordinate systems to allow the loads to follow the links during the panel loading. The 

model with the refined boundary conditions matched the radial link compression measured during the 

strain survey test.  Although the finite element model with the refined boundary conditions predicted less 

frame bending compared to the original model, there was no significant difference in the skin stress 

predictions at the strain survey load level.  
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Figure 3-1

Figure 3-2
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Figure 3-3

Figure 3-4

Figure 3-3

Figure 3-4  
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Figure 3-5

Figure 3-6

Figure 3-5

Figure 3-6  
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Figure 3-7

Figure 3-8

Figure 3-7

Figure 3-8  
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Figure 3-9

Figure 3-10

Figure 3-9

Figure 3-10  
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Figure 3-11

Figure 3-12

Figure 3-11

Figure 3-12  
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Figure 3-13

Figure 3-14

Figure 3-13

Figure 3-14  
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Figure 3-15

Figure 3-16

Figure 3-15

Figure 3-16  
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Figure 3-17

Figure 3-18

Figure 3-17

Figure 3-18  
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Figure 3-19

Figure 3-20

Figure 3-19

Figure 3-20  
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Figure 3-21

Figure 3-22

Figure 3-21

Figure 3-22  
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Figure 3-23

Figure 3-24

Figure 3-23

Figure 3-24  
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Figure 3-25

Figure 3-26

Figure 3-25

Figure 3-26  
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Figure 3-27

Figure 3-28

Figure 3-27

Figure 3-28  
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Figure 3-29

Figure 3-30

Figure 3-29

Figure 3-30  
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Figure 3-31

Figure 3-32

Figure 3-31

Figure 3-32  
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Figure 3-33

Figure 3-34

Figure 3-33

Figure 3-34  
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Figure 3-35

Figure 3-36

Figure 3-35

Figure 3-36  
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Figure 3-37

Figure 3-38

Figure 3-37

Figure 3-38  
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Figure 3-39

Figure 3-40

Figure 3-39

Figure 3-40  
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Figure 3-41

Figure 3-42

Figure 3-41

Figure 3-42  
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Figure 3-43

Figure 3-44

Figure 3-43

Figure 3-44
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Figure 3-45Figure 3-45
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Figure 3-46

Figure 3-47
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Figure 3-47
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Figure 3-43

Figure 3-44

Figure 3-43

Figure 3-44

Figure 3-48

Figure 3-49

Figure 3-43

Figure 3-44

Figure 3-43

Figure 3-44

Figure 3-48

Figure 3-49
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Figure 3-45

Figure 3-46

Figure 3-45

Figure 3-46

Figure 3-50

Figure 3-51

Figure 3-45
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Figure 3-47

Figure 3-48

Figure 3-47

Figure 3-48

Figure 3-52

Figure 3-53

Figure 3-47

Figure 3-48

Figure 3-47

Figure 3-48

Figure 3-52

Figure 3-53
 



 
 

 ENGINEERING DEPARTMENT 

  SHEET 3-37 NO. 4-087051-20 
  TOTAL 3-38   
  ISSUE DATE  12/21/04 
 

PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

Figure 3-49
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Figure 3-56

Figure 3-57
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CHAPTER 4:  FT1, FT3, AND FT4 FINITE ELEMENT ANALYSIS 

 

Note:  The FT1 actuator loads for the revised loading conditions are listed in Table 4-3.  The 

FT3 and FT4 actuator loads are listed in Tables 4-4 and 4-5, respectively.   

 

Geometrically nonlinear finite element analysis was accomplished in order to predict FASTER loads for 

the FT1, FT3, and FT4 test panels.  Multi-level stiffness models were developed in IDEAS finite 

element code.   

 

The FT1 test panel structure, located forward of the FT2 test panel in the fuselage Section 43, has 

similar geometry to the FT2 test panel.  The same FASTER skin hoop and frame loads for the FT1 and 

FT2 panels are expected.   The FASTER skin axial load required for the FT1 panel needs to be 

determined.   

 

The global model of the B727-200 fuselage Section 43 was extended forward to the frame station 440 

to accommodate the FT1 test panel.  The unmodified FT1 test panel structure is located between the 

frame stations 480 and 580, and stringers 2 and 7.  The loads include skin internal pressure, axial loads 

due to the pressure and bending applied at the frame station 440, and shear loads due to the weight of 

the aircraft, passengers and cargo, applied at the frame station 440 and distributed throughout the model 

(See chapter 3).   

 

Figures 1-6 show the skin hoop, axial, and shear stress contour plots predicted by the global model for 

the 8.6 psi pressure and the combined 8.6 psi pressure and 1g positive maneuver loading cases.  The 

stiffened axial stress for the 8.6 psi loading condition is 7.53 ksi.  An 11 ksi lower bound to the average 

axial stress for the combined 8.6 psi pressure and 1g positive maneuver condition per the existing beam-
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type solution is similar to the global model prediction.  An FT1 panel area model created on the same 

geometry as the fuselage global model, with a refined mesh of the same type elements as in the global 

model, and with the edge displacement boundary conditions mapped from the global model, predicts 

membrane stress values matching the global model predictions.   

 

In order to develop a stiffness model of the FT1 test panel, minor changes to the FT2 test panel model 

geometry were required to account for a different butt splice location and changed edge reinforcement 

thicknesses.  The estimated skin hoop load, frame load, and skin axial load resulting in the skin 13.7 ksi 

hoop membrane stress and 14.3 ksi hoop surface stress for 8.6 psi pressure, and the skin 15.7 ksi hoop 

membrane stress and 16.5 ksi hoop surface stress for 9.89 psi pressure conditions, and the estimated 

lower bound axial stresses in the critical test area are listed in Table 4-1.   

 

Loading Condition Load per Frame, lbs Skin Total Hoop 
Load, lbs 

Skin Total Axial 
Load, lbs 

8.6 psi 1,465 64,368 21,384 
8.6 psi and 1g  1,465 64,368 38,400 
8.6 psi and 2.5g 1,465 64,368 63,924 
9.89 psi and 1g 1,685 74,023 41,608 

Table 4-1: Estimated lower bound axial stresses in the critical test area 

 

The contour plots for the axial and hoop stresses due to 8.6 psi pressure, and combined 8.6 psi 

pressure and 1g flight loading conditions are shown in Figures 4-6 through 4-10.  The similarity of the 

predicted skin hoop and frame loads between the FT1 and FT2 test panels for these loading cases was 

used to estimate the loads for the combined 8.6 psi pressure and 2.5g flight, and 9.89 psi pressure and 

1g flight limit load conditions in Table 4-1.  The FASTER facility provides 6 frame, 7 skin hoop and 4 

skin axial load control points.  The actuator loads for the fatigue and limit load test conditions are listed 

in Table 4-2.   
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Loading Condition Load per Frame 
Actuator, lbs 

Load per Skin Hoop 
Actuator, lbs 

Load per Skin Axial 
Actuator, lbs 

8.6 psi and 1.25g  1,470 9,200 10,660 
9.89 psi and 1g 1,690 10,570 10,370 

Table 4-2: Actuator loads for the fatigue and limit load test conditions 

 
The actuator loads for the revised fatigue and residual strength loading conditions are listed in Table 4-3.   

 

Loading Condition Load per Frame 

Actuator, lbs 

Load per Skin Hoop 

Actuator, lbs 

Load per Skin Axial 

Actuator, lbs 

8.9 psi and 1.25g  1,510 9,520 10,940 

10.24 psi and 1g 1,800 10,910 10,670 

Table 4-3: Actuator loads for the revised fatigue and residual strength loading conditions 

 

The stiffness models were also developed for the FT3 and FT4 test panels.  In addition to the axial and 

hoop loads, a self-equilibrating set of two couples of uniformly distributed shear forces, simulating the 

loads from the shear fixture, is applied to the skin in accordance with the shear fixture geometry shown 

in Figures 4-11 and 4-12.  The skin axial and shear loads are determined based on matching the 

stresses at a location in the critical test area to stresses from the existing global model through an 

iterative procedure.  The skin hoop to frame load ratios were determined from the unmodified test panel 

area models.  The total hoop load applied to the panels equilibrates the hoop load due to internal 

pressure.  The FT3 and FT4 panels have different geometry compared to the FT1 and FT2 panels, 

resulting in different hoop stress levels.  The FT3 and FT4 panel hoop, axial, and shear stress contour 

plots for the fatigue and residual strength loading conditions are shown in Figures 4-13 through 4-24.  

The test panel models are meshed with linear shell elements.  To check the convergence of the finite 

element results, a parabolic element mesh was created for the FT3 panel.  The model comparison for 

the skin stress results in the critical test area shows less than 2% difference between the linear and 
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parabolic element formulations.  The fatigue load skin stress contour plots predicted by the model 

meshed with parabolic elements are shown in Figures 4-25 through 4-27.   

 

The FT3 panel actuator loads for are listed in Table 4-4.   

 

Loading Condition Load per Frame 

Actuator, lbs 

Load per Skin 

Hoop Actuator, lbs 

Load per Skin 

Axial Actuator, lbs 

Shear Load, 

lbs/in 

8.9 psi and 1.25g 1,550 9,490 20,730 167 

10.24 psi and 1g 1,870 10,840 19,620 134 

Table 4-4: FT3 panel actuator loads 

 

The FT4 panel actuator loads for are listed in Table 4-5.   

 

Loading Condition Load per Frame 

Actuator, lbs 

Load per Skin 

Hoop Actuator, 

lbs 

Load per Skin 

Axial Actuator, lbs 

Shear Load, 

lbs/in 

8.9 psi, 1.25g, and 

10% limit fin gust 

1,480 9,550 19,630 139 

10.24 psi and 1g 1,700 10,990 17,760 84 

Table 4-5: FT4 panel actuator loads  

Modifications to FT1 Axial Loads: 

At Q9, the axial loads for the FT1 test panel were revised, since the axial loads for FT2 test panel 

which were obtained using the exact same approach described in the previous section and the previous 

chapter (FT2), lead to cracking outside the lap joint during the test (See chapter 9). Therefore, the 25% 

additional body loads added during FT2 panel loads derivation to the Section 43 global model was 

removed and re-accomplished the matching of axial stresses at certain specific location (Between STR-

4 and STR-5, FS 520-FS 540) on FT1 test panel to the exact same location on the global fuselage 
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section 43 model for the 8.9 psi + 1.25G (Fatigue) and the 10.24 psi + 1G (Residual strength) load 

cases. This procedure is illustrated in figures 4-28 through 4-31. The loads obtained thus have been 

tabulated in the table 4-6 below. 

Loading Condition Load per Frame 

Actuator, lbs 

Load per Skin Hoop 

Actuator, lbs 

Load per Skin Axial 

Actuator, lbs 

8.9 psi and 1.25g  1,510 9,520 8,900 

10.24 psi and 1g 1,800 10,910 8,500 

 

Table 4- 6: Modified actuator loads for the revised fatigue and residual strength loading conditions 
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Figure 4-1

Figure 4-2

Figure 4-1

Figure 4-2
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Figure 4-3

Figure 4-4

Figure 4-3

Figure 4-4
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Figure 4-5

Figure 4-6

Figure 4-5

Figure 4-6
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Figure 4-7

Figure 4-8

Figure 4-7

Figure 4-8
 



 
 

 ENGINEERING DEPARTMENT 

  SHEET 4-10 NO. 4-087051-20 
  TOTAL 4-21   
  ISSUE DATE  12/22/04 
 

PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

Figure 4-9

Figure 4-10

Figure 4-9

Figure 4-10
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Figure 4-11 

 

Figure 4-12 
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Figure 4-13 

 

Figure 4-14 
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Figure 4-15 

 

Figure 4-16 
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Figure 4-17 

 

Figure 4-18 
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Figure 4-19 

 

Figure 4-20 
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Figure 4-21 

 

Figure 4-22 
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Figure 4-23 

 

Figure 4-24 
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Figure 4-25 

 

Figure 4-26 



 
 

 ENGINEERING DEPARTMENT 

  SHEET 4-19 NO. 4-087051-20 
  TOTAL 4-21   
  ISSUE DATE  12/22/04 
 

PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

 

Figure 4-27 

 
Figure 4-28: Fuselage section 43 global model with fatigue loads (8.9 psi + 1.25g) 
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Figure 4-29: FT1 test panel with fatigue loads (8.9 psi + 1.25g) 
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Figure 4-30: Section 43 global model with limit load (10.24 psi + 1g) 

 
Figure 4-31: FT1 test panel limit load condition (10.24 psi + 1g) 
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CHAPTER 5: HALF BAY SHELL MODEL 

In order to make pre-test crack growth calculation in the FT1, FT2 and FT3 test panel stringer 4L lap 

joint, the detailed stress distribution as a function of fuselage station is required.  This stress distribution 

was determined by the creation of three non-linear displacement finite element models which include 

two to three circumferential bays and one half of a longitudinal bay.  Symmetry about the bay center line 

is assumed and validated by intermediate models.  The bays chosen were BS 500 to BS 560, BS 640 

to BS 660, and BS 720C to BS 720D based on service history these bays are most likely to develop 

cracks first and the global finite element model shows the adjacent bays to have a slightly lower stress 

level due to the BS 681 butt splice in FT2 and the increase in skin thickness in FT3.  The models extend 

from stringer 3 at the upper end to stringers 5 at the lower end.  This provides enough distance from the 

lap joint to sort out eccentricities due to the lap splice.  The models were created using COSMOSM 

1.75A finite element software utilizing QUAD4 thin shell elements for all details.  All major structural 

details are modeled with the exception of the fasteners that connect the shear ties to the frames and 

stringers, the fasteners that connect stringers 3 and 5 to the skin and the bonding adhesive that attaches 

the tear strap and lap splice doubler to the skin.  The models have between 80,000 to 102,000 degrees 

of freedom.  The basic model geometry can be seen in Figure 5-1. 

Fastener Compliance 

The fasteners were modeled as cylindrical shells that connect the upper skin to the lower skin and the 

stringer to the lower skin.  The properties of the shells were determined by iterative runs of finite element 

strip models with the approximate predicted load applied to the strip.  The displacement and bypass 

stress in five different finite element strip models were compared to strain compatibility calculations 

which utilized classical methods for calculation of fastener compliance.  The fastener compliance was 

calculated using methodology that is similar to that found in NACA Technical Note No. 1051 and the 

strip compliance was calculated using Hooke’s Law.  The strip model element sizes and shapes were 

identical to those used in the final model.  The cylindrical fastener shell properties were changed until the 

displacement results were within 1% calculated and the bypass stresses were within 5% of that 

calculated.  An example of the strip models is shown in Figure 5-2. 
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Boundary Conditions and Applied Loads 

The boundary conditions at the upper and lower edges of the model were that of symmetry utilizing a 

local cylindrical coordinate system.  The frame and tear strap edge of the model also utilized 

symmetrical boundary conditions.  The mid bay edge of the model used displacements taken from the 

fuselage global model.  The basic displacement boundary conditions can be seen in Figure 5-3. 

The only loads applied to the model were that of 8.9 psi pressure to the entire inner surface of the upper 

and lower skins and a load around the fastener holes to make up for the missing area of the hole.  The 

basic loading can be seen in Figure 5-4. 

Results 

The model was run using displacements for a 1.25 G flight condition and 8.9 psi pressure.  The bypass 

stresses in the lap joint compare very well with those predicted and the axial stress is comparable to 

intermediate model results.  The model will not be considered validated until after it is compared to 

strain gauge readings from the test panel.  The deformed shape FT2 can be seen in Figure 5- 5.  The 

FT2 axial membrane stress results can be seen in Figure 5-6. 

In order to determine a stress gradient to be used for crack growth calculations at the critical lower 

fastener row, the circumferential stress below the lower row in the lap joint was plotted against it’s 

location in the frame bay.  The FT2 circumferential stresses in this area can be seen in Figure 5-7.  The 

stress in line with the fastener locations was plotted at 3 times the fastener hole diameter below the 

fastener holes.  The plots can be seen in Figure 5-8, Figure 5-9, and Figure 5-10. 
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Figures 

 

Figure 5-1 Model Geometry 



 
 

 ENGINEERING DEPARTMENT 

  SHEET 5-4 NO. 4-087051-20 
  TOTAL 5-12   
  ISSUE DATE  01/30/04 

 

 

Figure 5-2. Strip Model 
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Figure 5-3: Displacement Boundary Conditions 
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Figure 5-4 Pressure Loads 
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Figure 5- 5 Deformed Shape at 36:1 
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Figure 5-6 Axial Membrane Stress 
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Figure 5-7 Outer Surface Circumferential Stress 
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Distance Outer Stress Mid Plane Stress Inner Stress 
2.60 in 14.69 ksi 12.93 ksi 11.17 ksi 
3.66 in 15.37 ksi 13.28 ksi 11.19 ksi 
4.71 in 15.78 ksi 13.58 ksi 11.38 ksi 
5.77 in 16.08 ksi 13.84 ksi 11.59 ksi 
6.83 in 16.3 ksi 14.04 ksi 11.78 ksi 
7.89 in 16.45 ksi 14.18 ksi 11.91 ksi 
8.94 in 16.53 ksi 14.26 ksi 11.99 ksi 

10.00 in 16.56 ksi 14.29 ksi 12.02 ksi 
 

 

Figure 5-8  FT1 Circumferential Stress VS Frame Bay Location at 3D 
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Distance Outer Stress Mid Plane Stress Inner Stress 
2.60 in 14.56 ksi 12.81 ksi 11.06 ksi 
3.66 in 15.25 ksi 13.17 ksi 11.08 ksi 
4.71 in  15.67 ksi 13.47 ksi 11.27 ksi 
5.77 in  15.98 ksi 13.74 ksi 11.5 ksi 
6.83 in  16.2 ksi 13.94 ksi 11.68 ksi 
7.89 in  16.35 ksi 14.08 ksi 11.82 ksi 
8.94 in  16.43 ksi 14.17 ksi 11.9 ksi 

10.00 in 16.46 ksi 14.2 ksi 11.93 ksi 

 

Figure 5-9  FT2 Circumferential Stress VS Frame Bay Location at 3D 
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Distance Outer Stress Mid Plane Stress Inner Stress 

2.60 11.02 9.073 7.13 
3.66 12.25 9.837 7.423 
4.71 12.81 10.3 7.784 
5.77 13.15 10.58 8.017 
6.83 13.38 10.77 8.159 
7.89 13.54 10.89 8.247 
8.94 13.63 10.97 8.297 

10.00 13.67 10.99 8.313 
 

Figure 5-10  FT3  Circumferential Stress VS Frame Bay Location at 3D 
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CHAPTER 6:  STRESS STATE AT THE FASTENER HOLE 

This chapter includes discussion of several FEA analyses to determine the detailed stress state at the 

critical fastener hole.  This stress state is complex, as it is a function of the far field fuselage hoop and 

longitudinal stresses, plus the local effects of joint eccentricity, fastener bending, and residual stresses 

from the rivet installation process.  At this point, several independent models have been created to 

address individual aspects of the problem.  The goal is to create an integrated model that incorporates 

effects from all of these stress sources. 

2-D Rivet Installation Simulation 

Finite element analysis was accomplished to identify requirements for accurate simulation of residual 

stresses due to rivet installation in a typical B727 forward fuselage stringer 4 lap joint.  Nonlinear 

axisymmetric and 3D models were developed.   

Axisymmetric modeling simplifies the parametric analysis as it enables capturing fine geometry resolution 

necessary for accurate local stress results within a model that allows for practical run times.  

Axisymmetric models ranging from 5000 to 30000 DOF were developed in this work.  The rivet 

installation simulation requires solving a contact problem that involves both material and geometric 

nonlinearities.  A 90 deg. angle between the normals to contact surfaces in the undeformed state 

complicates the contact simulation.  The analysis requires about 150 nonlinear load increments that 

include from 2 to 11 iterations.   

An axisymmetric finite element model is shown in Figure 1.  A 60” thick 2024-T3 Aluminum upper skin 

and a 40” thick 2024-T3 Aluminum lower skin are joined with a BACR15CE5D5 2017-T4 Aluminum 

rivet.  The rivet is 5/32” in diameter and 0.312” long [6-1,6-2].  The rivet hole diameter is 0.162” that is 

within the 0.159” and 0.165” limits listed in Ref. [6-2].  The model is 0.5” wide.  The Young modulus, 

the Poisson ratio, and the yield strength for 2024-T3 and 2017-T4 Aluminum are listed in Ref. [6-3].  

The inelastic stress-strain relationship for 2017-T4 Aluminum is assumed the same as for 2024-T4 

Aluminum.  Inelastic material behavior with isotropic hardening is selected.  The rivet displacements are 

applied through parts meshed with elements that are about 100 times stiffer than the rivet material.  A 
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0.2 coefficient of friction is assigned for all surface contacts.  A 0.13” applied rivet displacement results 

a 0.08” tail height representative of measurements.  Such tail height is within the 0.05” and 0.1” limits 

listed in Ref. [2].  Symmetry boundary conditions are assumed at the skin right surfaces.  The model is 

meshed with four-node reduced integration axisymmetric elements CAX4R in ABAQUS finite element 

code.   

Figure 6-2 shows the initial model configuration.  Figure 6-3 depicts the deformed shape and the 

residual hoop stress contour plot.  The skin residual hoop tension at the hole surface and tension away 

from the hole is consistent with the finite element results of Ref.[6-4].   

Effects of local geometry on the stress were further investigated.  Simplification of the rivet head 

geometry, shown in Figure 6- 4, improves the convergence and does not significantly affect the residual 

stress state in the lower skin as shown in Figure 6- 5.  Constraining the vertical displacements at the 

rivet head surface eliminates the need in modeling the upper tool.   

Increasing the rivet hole diameter within the allowable limits [6-2] as shown in Figure 6- 6 does not 

affect the residual stress state in the lower skin in accordance with Figure 6- 7.  If the hole size in the 

upper skin is larger compared to the hole size in the lower skin as shown in Figure 6- 8, the residual 

hoop compression in the lower skin at the hole surface is reduced in accordance with Figure 6- 9.  If 

surface defects depicted in Figure 6-10 - Figure 6- 14 are introduced, the lower skin residual hoop 

stresses change to tension as shown in Figs. 6-11, 6-13, and 6-15.  The presence of drill shavings at the 

skin faying surfaces results in the hoop tension at the lower skin faying surface as shown in Figure 6- 16 

- Figure 6- 19.  Also, reducing the coefficient of friction to 0.05 results in lower skin hoop tension at the 

hole surface.  See Figure 6- 20 and Figure 6- 21 for the geometry and hoop residual stress contour 

plots.   

The presence of wet sealant between the upper and lower skin faying surfaces is considered next.  The 

sealant is simulated with low stiffness hyperelastic elements.  An Aluminum segment representing a drill 

shaving blocking the sealant flow into the rivet hole is placed at the hole surface.  Figure 6-22 shows the 

undeformed model configuration.  The hoop stress contour plots for 2 loading steps are shown in 
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Figures 6-23 and 6-24.  Figure 6-25 shows the residual hoop stress contour plot.  High residual hoop 

tensile stress values are obtained in areas susceptible to cracking in accordance with inspection results.   

The axisymmetric finite element model results indicate that local geometry details and the state of 

adhesive during the riveting significantly affect the skin residual stresses, and therefore, have to be 

accounted for.   

The service findings indicate there are no symmetric rivets in aircraft lap joints.  Axisymmetric models 

are not capable of capturing this phenomenon.  A simple 3D model is shown in Figure 6-26.  The model 

is 0.5” wide and 1” long.  A 0.2 coefficient of friction is assigned for all surface contacts.  The sealant is 

not modeled.  The rivet head vertical displacements are constrained and a 0.13” vertical displacement is 

applied to the rivet tail.  Symmetry boundary conditions are assumed at the skin lateral surfaces.  The 

model is meshed with eight-node reduced integration brick elements C3D8R in ABAQUS finite element 

code.  If there is no clearance between the rivet and the skin in the initial state, the deformation is 

symmetric as shown in Figure 6-27.  If a clearance is present, the deformation is not symmetric.  Figure 

6-28 shows the deformed geometry and the maximum principal residual stress contour plot.   

Based on the results of this sensitivity analysis, a 3D finite element model that captures local geometry 

features representative of the service hole quality, and accounts for the presence of sealant is needed for 

accurate simulation of the skin residual stresses due to the rivet installation.  
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3-D Joint Analysis 

To accurately determine the stress states around the rivet holes in skin in the lap joint area, a 3D FEA 

analysis of the joint was performed. The intent of this analysis is to determine the stress state around the 

lower skin rivet hole due to service loads only.  The next step is to superimpose the residual stress due 

to installation from the previous analysis (Rivet installation simulation) and reapply service loads to 

accurately determine the stress state around the rivet hole to validate the typical cracking found around 

the lower row of fastener holes in the lower skin of the lap joint.  

The baseline model was flat without the fuselage curvature with dimensions as shown in Figure 6- 29 

and 6-30. Enforced displacement was applied to the lower skin to match a far filed hoop stress of 14.7 

ksi in the lower skin. A geometric non linear run of this model did not converge in EDS/IDEAS. 

Therefore, it was decided to incorporate the fuselage curvature with 74.0 inches as the radius and 

extend the model circumferentially to half bay on either sides and apply symmetric boundary conditions 

and pressure to the skin (see Figure 6- 31). Contacts were defined between the upper skin, lower skin 

and the rivets. The rivets were connected to the ground with very weak springs in order to prevent the 

rigid body motion of the rivets. The level of mesh refinement was the same as the baseline model as 

shown in Figure 6- 30. The model did not converge since the mesh refinement on the rivet and near the 

rivet holes was not adequate. The mesh was then locally refined on the rivet and near the rivet holes as 

shown in Figure 6- 32. The model still did not converge in IDEAS. The same model however 

converged using ABAQUS at FAA technical center at Atlantic City, NJ. The model was geometric 

nonlinear with lower reduced integrated hexahedral elements (C3D8R) with about 330,000 degrees of 

freedom. The contacts between the upper skin, the lower skin and the rivets were given a coefficient of 

friction of 0.2 based on ref [4]. The material property was assumed linear. The model had symmetric 

boundary conditions at the edges. A pressure of 7.5 psi (87.1% of 8.6 psi) was applied based on the 

results of the FT2 symmetric model as shown in Figure 6- 33. The stress distribution in the lowermost 

rivet hole in the lower skin is very much in line with the cracking pattern observed in the stringer 4 lap 

joint (see Figure 6- 34). The peak maximum principal stress in this region is about 52 ksi (see Figure 6- 

35). 
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The strip model was further modified such that the circumferential symmetric boundary conditions lie on 

the inflection points based on the half bay model. Therefore the model was extended up to the inflection 

points as shown in Figure 6- 36, keeping the other aspects of the model the same as the previous 

iteration. The peak maximum principal stress was 55.8 ksi (see Figure 6- 37). The stress distribution on 

the lower rivet hole on the lower skin remained the same as before (see Figure 6- 38). Since the stress 

is more than the yield of 40 ksi for the material 2024-T3, a non linear stress-strain curve was defined for 

the skin as shown in Figure 6- 39. The analysis was rerun with a higher pressure of 7.75 psi (87.1 % of 

8.9 psi). The peak maximum principal stress was 46 ksi on the lower rivet hole of the lower skin as 

shown in Figure 6- 40. The peak plastic strain equivalent was around 0.2% (see  

Figure 6- 41). It should be remembered that the stringer has not been represented in the model. The 

stringer will provide some additional stiffness to the joint. To get around the task of modeling the stringer 

in detail, the stringer was represented as a radial spring with an arbitrary stiffness. The stiffness of this 

spring or in combination with a torsional spring can be tuned to match a far field stress of 14.7 ksi on the 

lower skin.  

Figure 6- 41 shows the work in progress, wherein the stringer has been represented as an extensional 

spring with an arbitrary stiffness of 1000 lbf/in. A pressure of 8.9 psi was applied. The far field stress is 

only about 9 ksi and therefore the spring stiffness has to be reduced.  

A more straight forward approach may be model the stringer and the frame as shells to account for their 

stiffness contribution and apply pressure of 8.9 psi. This work will be completed in the near future. 

It can be concluded that the stress levels on the lap joint with the stringer excluded  and due to the 

service loads alone is quite high (more than the yield strength of 48 ksi for 2024-T3 Al). The maximum 

plastic strain equivalent is 0.2%. It should be noted that the rivets in the model are not interference fit. 

An interference fit will contribute to some compressive stress which will reduce the overall stress levels. 

Also the stress levels might lower if the residual stresses due to installation are added to the model. If 

compressive hoop stress is produced in the close proximity of the rivet hole surface, it might help reduce 

the overall stress levels. As mentioned before, the stringer and the frame should be modeled for a more 

accurate representation of the joint and this work is currently in progress.  
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Displacements in the baseline 3D strip model without the radial and torsional springs and a pressure of 

7.75 psi compared well with the half bay shell model with stringers and a pressure of 8.9 psi. The 

comparisons are shown in figures 6-43 and 6-44. 

During Q9 an attempt was made to map the residual stresses due to rivet installation onto the baseline 

strip model to establish the procedure of stress mapping.. The residual stresses from a 2D axisymmetric 

rivet model were input as initial conditions to the strip model. One row of hex elements around the each 

rivet hole were oriented in their respective local rivet hole cylindrical coordinate system. Eight element 

sets were created through the thickness for each rivet hole and the six stress components were applied 

directly as shown in Figure 6-45. The analysis was carried out in 2 steps. The residual stresses were 

applied in the first step and the model was allowed to equilibrate. The pressure load was applied in the 

second step. Figure 6-46 shows the strip model at the end of the first step. Figures 6-47 and 6-48 

show the lower skin and the upper skin respectively at the end of the first step. Figures 6-49 and 6-50 

show the lower skin and the upper skin respectively at the end of the second step. 

2D axisymmetric baseline model results were mapped at this stage since that mapping is less complex to 

implement than 3D mesh-to-mesh mapping.  With this methodology established, work is currently in 

progress to map from the 3D individual installation tests.  Other 3D mapping procedures will also be 

concurrently tried for validation. 
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FIGURES 

Upper Skin, 0.06”, Aluminum 2024-T3

Lower Skin, 0.04”, Aluminum 2024-T3

Rivet, BACR15CE5D5, Aluminum 2017-T4
 

Figure 6-1:  Axisymmetric Model Geometry 
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Figure 6-2: Axisymmetric Model, Initial Configuration 

 

Figure 6-3:  Axisymmetric Model, Residual Hoop Stress 
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Figure 6- 4: Simplified Model, Initial Configuration 

 

Figure 6- 5: Simplified Model, Residual Hoop Stress 
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Figure 6- 6: Increased Rivet Hole Diameter, Initial Configuration 

 

Figure 6- 7: Increased Rivet Hole Diameter, Residual Hoop Stress 
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Figure 6- 8: Increased Upper Skin Hole Diameter, Initial Configuration 

 

Figure 6- 9: Increased Upper Skin Hole Diameter, Residual Hoop Stress 
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Figure 6-10: Surface Defects, Initial Configuration 

 

Figure 6-11: Surface Defects, Residual Hoop Stress 
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Figure 6-12: Surface Defects, Initial Configuration 

 

Figure 6- 13: Surface Defects, Residual Hoop Stress 
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Figure 6- 14: Surface Defects, Initial Configuration 

 

Figure 6- 15: Surface Defects, Residual Hoop Stress 
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Figure 6- 16: Drill Shavings, Initial Configuration 

 

Figure 6- 17: Drill Shavings, Residual Hoop Stress 
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Figure 6- 18: Drill Shavings, Initial Configuration 

 

Figure 6- 19: Drill Shavings, Residual Hoop Stress 
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Figure 6- 20: Reduced Coefficient of Friction, Initial Configuration 

 

Figure 6- 21: Reduced Coefficient of Friction, Residual Hoop Stress 
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Figure 6- 22: Wet Sealant and Drill Shavings, Initial Configuration 

 

Figure 6- 23: Wet Sealant and Drill Shavings, Load Step 1 
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Figure 6- 24: Wet Sealant and Drill Shavings, Load Step 2 

 

Figure 6- 25: Wet Sealant and Drill Shavings, Residual Hoop Stress 
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Figure 6- 26: 3D Model Without Clearance, Initial Configuration 

 

Figure 6- 27: 3D Model Without Clearance, Residual Stress State 
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Figure 6- 28: 3D Model With Clearance, Residual Stress State 

 

 

Figure 6- 29: Flat Strip Model Dimensions 
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Figure 6- 30:  Flat Strip Model Baseline Mesh 

 

Figure 6- 31: Modified Strip Model Extended to Half Bay 
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Figure 6- 32: Modified Strip Model Extended to Half Bay (Mesh with BCs) 

 

 

Figure 6- 33: FT2 Symmetric Model 
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Figure 6- 34: Modified Strip Extended to Half Bay, Hoop Stress in Lower Skin 

 

Figure 6- 35: Modified Strip Model Extended to Half Bay, Maximum Principal Stress in the Lower 
Skin 
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Figure 6- 36: Strip Model Extending up to the Inflection Point 

 

Figure 6- 37: Strip Model extending up to Inflection Point, Max Principal Stress Plot 
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Figure 6- 38: Strip Model Extending up to Inflection Point, Max Principal in Lower Skin 

 

Figure 6- 39: Stress-Strain Curve for 2024-T3 Al 
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Figure 6- 40: Strip Model Extending up to Inflection Point, Max Principal Stress in Lower Skin (Non-
Linear Material) 

 

Figure 6- 41: Strip Model Extending up to Inflection Point, Plastic Strain Equivalent in Lower Skin 
(Non-Linear Material) 



 
 

 ENGINEERING DEPARTMENT 

  SHEET 6-28 NO. 4-087051-20 
  TOTAL 6-32   
  ISSUE DATE  12/22/04 

 

PROPRIETARY DATA - RESTRICTED DISTRIBUTION - CONTROLLED BY TERMS OF FAA AGREEMENT 

 

Figure 6- 42: Strip Model Extended Up To Inflection Point, Stringer Represented As Spring (Max 
Principal Stress In Lower Skin) 

 

Figure 6-43: Displacements Of Mid Fastener From Half Bay Model 
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Node 40211:U2=0.0987502 Node 49891:U2=0.0946644

 

Figure 6-44: Displacements At Mid-Fastener From Baseline Strip Model 

 
 
  

 
 

Figure 6-45: Stress Results From Axi-Symmetric Model Applied As Initial Conditions To The Strip 
Model On Eight Segments Through The Thickness Of The Rivet Hole 
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Figure 6-46: The Strip Model At The End Of Step 1(Apply Residual Stresses) To The Rivet Hole). 

Step 1: Apply initial conditions (Residual Stresses)
Lower Skin at the end of Step 1

 

Figure 6-47: The Lower Skin At The End Of The First Step (Apply Residual Stresses). 
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Upper Skin at the end of Step 1

 

Figure 6-48: The Upper Skin At The End Of The First Step (Apply Residual Stresses). 

Lower Skin at the end of Step 2

 

Figure 6-49: The Lower Skin At The End Of The Second Step (Apply Pressure). 

 



 
 

 ENGINEERING DEPARTMENT 

  SHEET 6-32 NO. 4-087051-20 
  TOTAL 6-32   
  ISSUE DATE  12/22/04 

 

PROPRIETARY DATA - RESTRICTED DISTRIBUTION - CONTROLLED BY TERMS OF FAA AGREEMENT 

Upper Skin at the end of Step 2

 

Figure 6-50: The Upper Skin At The End Of The Second Step (Apply Pressure). 
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CHAPTER 7: CRACK GROWTH ANALYSIS 

This chapter includes the discussion of all crack growth models developed to correlate the state of 

MSD at any time.  The Local Crack Growth section addresses the crack state at a single hole, 

potentially including complex effects such as rivet residual stresses and multi-crack (“starburst”) 

cracking profiles.  The MSD Propagation Simulation section addresses the propagation of multiple 

cracks at every fastener hole, including interaction effects and the varying stress distribution along the 

aircraft. 

Local Crack Growth Analysis 

The stress intensity function for a simple crack configuration in a fastener hole is well established in the 

technical literature (see Appendix B).  During Q8, preliminary investigations were conducted with 

FADD2D [7-1] to evaluate its capabilities with respect to this project and to test out avenues of further 

research.  FADD2D is a two-dimensional boundary element analysis program that seems well suited to 

evaluate crack profiles other than diametric.  All analysis has been accomplished in 2D plane stress, so 

any effects due to skin bending and fastener clamp-up are ignored.  The goal of the analysis was to 

conduct a comparative analysis of configurations with starburst cracking, leading to some preliminary 

conclusions. 

The four FADD models considered are shown in Figure 7- 1.  The hole in each model has four cracks, 

as shown in Figure 7- 2.  The cracks are allowed to propagate from this starting state, leading to the 

configurations and SIF plots shown in Figure 7- 3 through Figure 7-5.  Some observations from this 

analysis sequence are: 

- In all models, Cracks 1 and 2 dominate.  In the tensile only case these cracks grow normal to 

the far field stress, while in the tensile/bearing case the cracks propagate at an angle to the far 

field stress.  This pattern has also been seen in the Damage Characterization. 

- In all models, Cracks 3 and 4 arrest.  These secondary cracks appear to have an influence 

proportional to their arc distance from the main crack; Crack 1 is always less dominant, 

apparently due to Crack 4.  Similarly, Crack 4 arrests earlier than Crack 3. 
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- The above observations remain unchanged with a changed edge location.  The presence of the 

free edge does not appear significant to the character of growth. 

- Based on the comparisons in Figure 7-6 and Figure 7-7, a diametric strip model is a 

conservative model of starburst cracking. 

While these observations are valid for the current series of models, further work will be accomplished to 

determine their validity in general.  In particular, the arrest behavior of the secondary cracks shown in 

Figure 7-8 may depend heavily on the pre-existence of cracks 1 and 2; if the initiation sequence is 

changed, this arrest may not occur.  This issue is one of several areas for planned work outlined within 

the Detailed Work Plan. 
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MSD Propagation Simulation 

A numerical crack growth simulation tool was developed to model the growth of independent cracks 

from each hole in the MSD susceptible joint.  The simulation is run in MS Excel, as shown in Figure 7-

9.  The values of far-field stress are taken from the Half Bay Shell Model.  The hole location numbers 

use the naming convention established in the Initial Database Report and outlined in the Test Plan Data 

Retrieval Packages. 

Each row of the simulation contains the crack length of both sides of each hole at a given cycle 

measurement.  Each row is a step in the numerical simulation, and the cycle difference between rows is 

termed the simulation step size. 

During Q4 and Q5, the simulation was used to generate predictions within the Test Plan Analysis.  

However, the simulation was developed as a general tool for propagating an arbitrary lap joint MSD 

state based on a varying stress distribution.  Therefore, this simulation or future revision may be used to: 

• generate pre-test predictions for all FASTER test panels 

• generate prediction updates during a FASTER test based on a measured MSD distribution. 

• propagate random MSD damage states as part of a Monte-Carlo simulation 

During Q8, the MSD simulation was compared against striation count data for one frame bay (i.e., 15 

holes).  As discussed in a subsequent section, this comparison shows good correlation between 

simulation and actual crack growth, and serves to validate the simulation model.  During Q9, the MSD 

simulation was used in a Monte Carlo approach to predict the distribution of crack arrays at DSG 

resulting from a preliminary EIFS distribution.  Future work will compare the simulation results to the 

characterization data from additional bays, in addition to the bulleted list of objectives above. 
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Stress Intensity Calculation 

At each step, the crack tip stress intensity function (SIF) is calculated for each crack tip.  The SIF is 

superimposed from three established solutions: 

• The nominal β  for diametric corner cracks becoming diametric oblique thru-cracks from a loaded 

hole, taken from USAF AFGROW [7-2]; 

• The interference factor β interference for adjacent unequal length cracks from Murakami [7-3]; 

• The finite width correction factor FW from the USAF Damage Tolerance Design Manual [7-4] 

The SIF at any crack length is calculated as 

( ) erferenceint
WF

ccSIF β
β

πσ≡ , 

where  

c: crack length 

σ:  far field stress 

FW:  the finite width correction factor, 





 +π

−π
=

w
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tan
)cr(
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In effect, this approach replaces the conservative finite-width model of adjacent MSD with a specific 

correction factor.  If the adjacent crack is the same length, this replacement has little effect, as a finite 

width model is a reasonable approximation of equal length MSD. 

Stress State 

For locations with a lower skin thickness of 0.040”, the far field stress at each hole is taken from the ½ 

bay shell model discussed in the previous section.  The bending at the fastener is derived using the 

approach from de Rijck and Fawaz [7-5] (based on Hartman and Schivje [7-6])   In summary, the 

stress intensity is calculated from: 

- Stress Range:  12.81 ksi adjacent to the tearstraps increasing to 14.2 ksi midbay 
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- Bending:  85% at all fasteners.  This calculation assumes a rivet tilt β  of 0.5°, with the 

0.020” doubler acting as a non-working spacer. 

Diametric Corner and Thru Cracks 

Within AFGROW, the ß calculation for diametric corner cracks uses a complex set of semi-empirical 

formulas based on Newman and Raju [7-7].  After the crack transitions to an oblique thru crack, 

AFGROW uses an interpolation algorithm of published tables of ß values, including Fawaz [7-8,7-9].  

In both cases, additional correction factors for finite width effects are included. 

Since the MSD simulation is optimized for the very specific case of 727 lap joint cracking, reproducing 

the AFGROW SIF calculation within the simulation is unnecessarily complex.  Instead, a single 

AFGROW run was conducted with the appropriate parameters to capture ß(c) for the complete run: 

Model:  Diametric Corner Cracks becoming Oblique Thru Cracks 
Width:   1.07”  (typical fastener spacing) 
Thickness:  0.040” 
Bypass Stress:   61%  (i.e., 39% load transfer at the first fastener) 
Bending:  85% 
Crack Size:   a = c = 50 x 10-6 ” 
 

Based on this run, ß(C) was incorporated into the MSD simulation as a stepwise polynomial fit: 

ß(C) = -42103.28190786 C3 + 3723.33566434 C2 - 130.02932579 C + 4.5206899 for 

C<0.0416488  (corner crack) 

ß(C) = -130187.91333294 C5 + 87086.68287498C4 - 22524.24751596 C3 + 2828.96383824 C2 - 

177.60562607 C + 6.33387229 for 0.0416488 < C < 0.2  (short thru crack) 

ß(C) = 2418.39711589 C4 - 2393.69025414 C3 + 881.75146161 C2 - 141.71721318 C + 

9.73600309 for C > 0.2 (long thru crack) 

Interference Factor 

The calculation of the interference β  is complex, for it requires evaluation of the formulae below (written 

in a MathCAD format): 
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where A is the crack length, B is the adjacent crack length, and L is the distance between crack centers.  

For this simulation, L is equal to the lap joint fastener spacing. 

Within the simulation, a set of VBA functions use Simpson’s integration rule to calculate the value of the 

elliptic integrals.  This calculation is computationally intensive for any pair of crack lengths.  However, 

for short cracks, there is no appreciable interaction and the interaction β-factor is either equal to 1 or 

increasing slightly.  Therefore, the determination of the interaction β-factor is accomplished one of two 

ways: 

• For large cracks, when MSD propagation is sensitive to the interaction β-factor, the value is 

calculated explicitly using the above formulae.  For example, explicit calculation was done during the 

simulation of Phase 3 of the testing in the Test Plan Analysis. 

• For smaller cracks, when MSD propagation is not sensitive, the interaction β-factor is linearly 

interpolated from values in β(a1,a2) table lookup (see Figure 7-11).  This method substantially 

reduces the computational effort of the calculation, as is necessary for a high volume of calculations 

required for a Monte Carlo simulation.  Note that because of the increasing slope of the β-factor, 

linear interpolation results in a conservative (higher) estimate of the true value. 
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Growth Rate Calculation 

Throughout the simulation, the crack growth rate (da/dN) is calculated using the methods in  NASGRO 

v3[7-10].  The calculation uses the Modified Forman equation for growth rate as a function of ∆K and 

Stress Ratio (R), including threshold stress intensity, critical stress intensity, and closure effects: 

Crack growth rate: 

 

 

SIF threshold: 

 

Closure/stress ratio effect 

 

Empirical constants: 
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Crack Growth Increment 

The simulation solves for the crack length at the following step through numerical solution of the 

differential equation for crack growth rate: 

 

where a is the crack length, and N is cycles, and f(a,N) is calculated using the SIF and Modified 

Forman rate equations.  A fourth order Runge-Kutta method[7-11] determines the crack length for the 

following step.  The simulation step size can be changed based on the crack growth rate, but the Runge-

Kutta step size is typically 1/20th of the simulation step size.  The simulation step size is typically 1000 

cycles. 

Pre-Test Predictions 

The assumed initial crack distribution is important to the analysis.  However, one conclusion from the 

Damage Characterization to date is that the scatter in fatigue crack initiation is a function of many 

unknowns other than stress, so a crack distribution based primarily on stress cannot necessarily capture 

service effects in an individual bay.  However, a crack growth simulation which starts with an equal 

length flaw at every location is a reasonable approach to test prediction, and was used for the FT2 and 

FT1 Pre-Test Predictions.  See the Test Plan Analysis for further discussion. 

Note that at Q8 the SIF derivation changed to allow simulation of corner crack propagation.  However, 

this change did not significantly affect predictions of the thru crack phase.  The revised simulation will be 

used for future test predictions. 
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Validation 

During Q8, the MSD simulation was validated through comparison to striation count data for a 

complete frame bay FS 540 – FS 560 along S-4R (see Q8 Damage Characterization).  The validation 

process compared crack length vs cycle data from three sources: 

- Striation spacing vs distance to origin measured using Scanning Electron Microscopy (see 

Figure 7-12).  Striation spacing is an empirical measurement of crack growth rate at a single 

location on fracture surface.  Point-to-point integration over all locations leads to a cycles vs 

crack length curve. 

- An AFGROW strip model of a diametric corner cracks becoming oblique thru cracks within a 

finite-width, using the parameters listed in the Stress Intensity section of this chapter (see Figure 

7- 10) 

- The MSD simulation, with results specific to each hole. 

The process for aligning curves from these data sources is shown on the midbay hole data in Figure 7-

15.  Since the current crack state at 59,497 airframe cycles is the known condition, the striation count 

data and the simulation are aligned at this point.  The striation count is grown backwards from the 

current state.  The starting MSD distribution for the simulation was iterated until the predicted state at 

59,497 airframe cycles reflects the actual current state.  Note that data from the striation count was not 

used to “tune” the simulation; the two data sources are simply juxtaposed on the same curve, and plots 

where the data coincide indicates a good model fit. 

The AFGROW strip model and the MSD simulation are essentially identical in the small corner crack 

regime, where the effect of adjacent crack interaction is negligible.  So, the AFGROW model results are 

aligned with the MSD simulation results such that the two models overlap in this region.  This 

juxtaposition demonstrates the conservative prediction of the strip model; for cracks where the adjacent 

crack is small, crack growth predicted by the strip model can be appreciably faster than the simulation 

and the striation data.  Also, it allows the AFGROW model to be used to determine an equivalent initial 

flaw size (EIFS) for each hole. 
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The comparisons between the AFGROW strip, MSD simulation, and striation count data are shown in 

Figure 7-15 through Figure 7-20.  On average, the MSD simulation is a good fit to the striation count 

data, particularly for cracks longer than the 0.040” skin thickness (see Figure 7-21).  The simulation 

does not fit well within the corner crack regime, in part because of the complex, multi-origin nature of 

the service cracks.  These complex effects, in addition to crack angle, starburst cracking, or rivet 

residual stress effects, are not modeled in the analysis.   

As shown in Figure 7-22 and Figure 7-23, the current state of damage in the FS 540 – FS 560 4R 

frame bay was propagated forward under service loads using the MSD simulation.  As the simulation 

does not explicitly check for failure under residual strength requirements, criteria defining several failure 

conditions are calculated separately.  Figure 7-22 shows the predicted length vs. cycle plot for the 

longest crack in the frame bay had the aircraft remained in service.  With the exception of the 1” tip-to-

tip, the listed failure criteria have been conservatively applied to the AFGROW strip model.  The 

conclusion is that MSD link-up in this frame bay under JAR 25.571 loads would be predicted between 

70,000 and 80,000 cycles.  Note that this frame bay is not necessarily the worst bay in the aircraft, so 

the first predicted linkup may occur earlier. 

Equivalent Initial Flaw Distribution 

The equivalent initial flaw size is determined as the crack length at 0 cycles from the AFGROW strip 

model.  The EIFS distribution for this frame bay is tabulated in Figure 7-24, and shown as a histogram 

in Figure 7-25.  The resulting EIFS average of 4 µm should be compared to the 12µm mean 

determined by Fawaz [7-12], and to the 50 µm - 100 µm range used successfully in Harris, Piascik, 

and Newman [7-13].  It is important to note that this crack size is “equivalent” in the sense that the 

analysis produces the correct MSD array at 60,000 cycles; it is not an accurate reflection of the state of 

damage at zero cycles, and in many cases the crack origins on the respective fracture surface are not 

located at the hole corner.  Also, this EIFS is strongly tied to the analysis method used, as it ignores 

small crack effects.  

During Q9, a Weibull distribution was fit to the EIFS data as shown in Figure 7- 26.  The resulting 

distribution (shape factor α = 1.22, characteristic life β  = 108.1 x 10-6 in.) provides a stochastic starting 
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point for each crack location in a Monte Carlo simulation.  It is important to remember that since this 

distribution was derived from a limited data set, it has two important shortcomings: 

- There is no data derived from large cracks, such as the 20 inch lap joint crack discussed in the 

preamble to AD 99-04-22; 

- There is no data derived from holes characterized and found with no cracks. 

With these omissions, the distribution generated cannot completely predict the initiation of MSD in 

service.  However, this distribution is reasonable to use for methodology development of the MSD 

propagation simulation. 

Monte Carlo Simulation 

A simulation is conducted by generating stochastic array of cracks within a frame bay at zero cycles 

from the EIFS as shown in Figure 7- 27.  The MSD simulation is entirely deterministic, and results in a 

predicted crack array at 60,000 cycles.  After accomplishing 1,000 runs of the simulation, the array of 

results was analyzed statistically as shown in Table 1.   

The histogram of all final crack lengths is shown in Figure 7- 28.  The maximum crack length from the 

simulation is 0.349 in., which is considerably longer than the 0.185” maximum found within this frame 

bay or the 0.225” maximum found to date on the subject aircraft (see Damage Characterization 

reports).  However, the distribution of cracks measured up to Q9 are qualitatively consistent with the 

simulation results.  The histogram of primary crack lengths from the Q9 Database (normalized to an 

equivalent area) are shown with the histogram of Monte Carlo simulation results in Figure 7- 29.  

Statistical results from these 1,000 Monte Carlo runs include: 

- 54.7% of runs result in cracks longer than 0.234", the 90% POD crack size for external LFEC 

inspection. 

- 10.8% of those runs result in 2 cracks in a single bay longer than 0.234”. 

The maximum crack length in the frame bay has also been calculated for each Monte Carlo run.  This 

histogram for maximum hole-to-tip crack length is shown in Figure 7- 30, and the histogram for 

maximum tip-to-tip crack length is shown in Figure 7- 31.  Results of that analysis include: 
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- 1.0% of runs result in hole-to-tip cracks larger than 0.273", the crack size associated with 

ligament yielding of a 1.07” wide strip at residual strength conditions. 

- The largest tip-to-tip crack was 0.733", below the 1” tip-to-tip criteria for sparse MSD link-

up. 

This MSD simulation models the behavior of MSD on the subject airplane.  Additional work would be 

required to extend these results to other airplanes.  Future work on the MSD simulation will include: 

- Improvement of the empirical EIFS distribution to address the identified shortcomings. 

- Incorporation of the Probabilistic Neural Network Initiation model into the deterministic MSD 

simulation (see Chapter 8) 

- Validation of the MSD simulation against characterization data from additional frame bays and 

the FASTER test panels. 
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Figures 

Model WT
Hole in 1.07" plate, 
tension only

Model WTB
Hole in 1.07" plate, 
tension and bearing

Model 3WT
Hole in 3.21" plate, 
tension only

Model 3WTB
Hole in 3.21" plate, 
tension and bearing

 

Figure 7- 1:  Four FADD Models 
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Figure 7- 2:  Crack Profile in All Four FADD Models 
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Figure 7- 3: Normalized SIF for WT Model (All Cracks) 
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Figure 7- 4:  Normalized SIF for WTB Model (All Cracks) 
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Figure 7-5: Normalized SIF for 3WT and 3WTB Models (All Cracks) 
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Figure 7-6: Normalized SIF for Crack 2 (All Models) 
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Figure 7-7:  Normalized SIF for Crack 1 (All Models) 
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Figure 7-8: Normalized SIF for Cracks 3 and 4 (All Models) 
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Figure 7-9:  Section of Crack Growth Simulation, Phases 1 and 2 

 

Figure 7- 10:  AFGROW Model 

a1\a2 5.00E-03 0.07 0.1 0.125 0.15 0.2 0.25 0.275 0.3 0.325 0.35 0.375 0.4 0.425 0.45 0.475 0.5
0.005 1.003 1.011 1.015 1.020 1.026 1.039 1.056 1.065 1.076 1.088 1.101 1.115 1.131 1.148 1.168 1.189 1.212
0.07 1.004 1.012 1.017 1.022 1.028 1.043 1.061 1.072 1.084 1.097 1.111 1.128 1.145 1.165 1.187 1.212 1.240
0.1 1.004 1.012 1.018 1.023 1.029 1.045 1.064 1.075 1.088 1.102 1.117 1.135 1.154 1.175 1.199 1.226 1.256

0.125 1.004 1.013 1.018 1.024 1.031 1.046 1.067 1.079 1.092 1.107 1.123 1.141 1.162 1.184 1.210 1.239 1.272
0.15 1.004 1.013 1.019 1.025 1.032 1.049 1.070 1.082 1.096 1.112 1.129 1.149 1.171 1.195 1.223 1.254 1.291
0.2 1.004 1.014 1.021 1.027 1.035 1.053 1.077 1.091 1.107 1.125 1.145 1.167 1.193 1.222 1.255 1.294 1.339

0.25 1.005 1.016 1.023 1.030 1.039 1.059 1.086 1.102 1.120 1.141 1.164 1.191 1.222 1.258 1.300 1.351 1.411
0.275 1.005 1.017 1.024 1.032 1.041 1.063 1.091 1.109 1.129 1.151 1.177 1.207 1.241 1.282 1.330 1.389 1.463

0.3 1.005 1.017 1.026 1.034 1.043 1.067 1.098 1.116 1.138 1.163 1.191 1.225 1.264 1.311 1.368 1.439 1.531
0.325 1.006 1.019 1.027 1.036 1.046 1.071 1.105 1.125 1.149 1.176 1.209 1.246 1.292 1.347 1.416 1.505 1.628
0.35 1.006 1.020 1.029 1.038 1.049 1.077 1.113 1.136 1.162 1.193 1.229 1.273 1.326 1.393 1.480 1.599 1.778

0.375 1.006 1.021 1.031 1.041 1.053 1.082 1.123 1.148 1.177 1.212 1.255 1.306 1.371 1.455 1.571 1.745 2.053
0.4 1.007 1.023 1.033 1.044 1.057 1.089 1.134 1.162 1.196 1.237 1.286 1.349 1.431 1.543 1.712 2.012 2.867

0.425 1.007 1.024 1.036 1.048 1.062 1.098 1.147 1.180 1.219 1.267 1.327 1.406 1.515 1.680 1.972 2.806
0.45 1.008 1.026 1.039 1.052 1.067 1.107 1.164 1.201 1.248 1.306 1.383 1.488 1.648 1.932 2.745

0.475 1.009 1.029 1.042 1.057 1.074 1.119 1.184 1.229 1.285 1.359 1.461 1.616 1.893 2.685
0.5 1.009 1.031 1.047 1.062 1.082 1.133 1.210 1.264 1.335 1.434 1.584 1.853 2.624

0.55 1.011 1.038 1.057 1.078 1.103 1.172 1.288 1.381 1.521 1.774 2.503
0.6 1.014 1.048 1.074 1.101 1.136 1.241 1.457 1.694 2.379

0.65 1.018 1.064 1.099 1.140 1.194 1.392 2.252
0.7 1.025 1.091 1.147 1.216 1.325 2.118  

Figure 7-11: Interaction β-factor Table (Effect of Crack B on ∆K(A)) 
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Figure 7-12:  Typical Crack Growth Rate Data from Fracture Surface Striation Count 

 

Figure 7-13: Typical Crack Length vs Cycles Data, Integrated from Striation Count 
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Figure 7-14:  Simplified Model of Multiple Cracks within Simulation 
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3)  EIFS defined as 
AFGROW-Strip at 
cycles = 0 .  

Figure 7-15: Procedure for Locating Data – Hole 540+10.0~4R+1~LSH 
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Figure 7-16:  Hole 540+8.9~4R+1~LSH 
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Figure 7-17:  Hole 540+11.0~4R+1~LSH 
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Figure 7-18:  Hole 540+7.9~4R+1~LSH 
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Figure 7-19: Hole 540+6.8~4R+1~LSH 
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Figure 7-20: Hole 540+5.7~4R+1~LSH 

0

2

4

6

8

10

12

Slow Good Fast

Crack Max size Simulation is...
540+16.3~4R+1~LSH Crack4 0.019 Slow
540+14.2~4R+1~LSH Crack2 0.027 Slow
540+11.0~4R+1~LSH Crack3 0.053 Good
540+12.1~4R+1~LSH Crack1 0.083 Good
540+5.7~4R+1~LSH Crack4 0.090 Good
540+6.8~4R+1~LSH Crack4 0.090 Slow
540+8.9~4R+1~LSH Crack4 0.098 Fast
540+14.2~4R+1~LSH Crack1 0.103 Good
540+13.2~4R+1~LSH Crack4 0.108 Good
540+7.9~4R+1~LSH Crack4 0.113 Good
540+11.0~4R+1~LSH Crack1 0.118 Fast
540+5.7~4R+1~LSH Crack1 0.140 Slow
540+4.7~4R+1~LSH Crack4 0.151 Good
540+8.9~4R+1~LSH Crack1 0.166 Good
540+6.8~4R+1~LSH Crack1 0.167 Slow
540+10.0~4R+1~LSH Crack1 0.175 Good
540+7.9~4R+1~LSH Crack1 0.184 Good

Simulation Performance Histogram

 

Figure 7-21: MSD Simulation Performance Assessment 
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Figure 7-22:  MSD Simulation Propagated Forward (Largest Crack) 
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Figure 7-23:  MSD Simulation Propagated Forward (Crack Array) 
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Crack EIFS (in) EIFS (micron)
540+4.7~4R+1~LSH Crack4 0.000383 9.7
540+5.7~4R+1~LSH Crack1 0.000224 5.7
540+5.7~4R+1~LSH Crack1 0.000128 3.2
540+6.8~4R+1~LSH Crack1 0.000239 6.1
540+6.8~4R+1~LSH Crack4 0.000108 2.7
540+7.9~4R+1~LSH Crack1 0.000252 6.4
540+7.9~4R+1~LSH Crack4 0.000122 3.1
540+8.9~4R+1~LSH Crack1 0.000190 4.8
540+8.9~4R+1~LSH Crack4 0.000099 2.5
540+10.0~4R+1~LSH Crack1 0.000202 5.1
540+11.0~4R+1~LSH Crack1 0.000121 3.1
540+11.0~4R+1~LSH Crack3 0.000066 1.7
540+12.1~4R+1~LSH Crack1 0.000097 2.5
540+13.2~4R+1~LSH Crack4 0.000135 3.4
540+14.2~4R+1~LSH Crack1 0.000152 3.9
540+14.2~4R+1~LSH Crack2 0.000074 1.9
540+16.3~4R+1~LSH Crack4 0.000090 2.3  

Figure 7-24: Equivalent Initial Flaw Size Table 
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Figure 7-25:  Equivalent Initial Flaw Size Histogram 
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Figure 7- 26: Results from Rank Regression Weibull Analysis 
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Figure 7- 27:  Derived EIFS Distribution 
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Table 1:  Statistical Data Analysis of Monte Carlo Results 
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Crack Length at 60,000 cycles (in x 10-3)  

Figure 7- 28: Distribution of Crack Length  
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Figure 7- 29:  Characterization Data Overlaid on Simulation Results 
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Figure 7- 30: Distribution of Maximum Crack Length in One Frame Bay (Hole-to-Tip) 
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Figure 7- 31: Distribution of Maximum Crack Length in One Frame Bay (Tip-to-Tip) 
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CHAPTER 8:  INITIATION 

Introduction 

The analysis of crack initiation is an integral part of a WFD assessment.  To investigate the relationships 

between the data gathered during a destructive evaluation and the outputs required of a WFD 

assessment, the conceptual schematic shown in Figure 8-1 was created.  Along the left are some of the 

parameters gathered within the Damage Characterization.  Along the right are the components of a 

program to preclude WFD in an aircraft fleets.  Note that within the input parameters there is an overlap 

between factors influencing stress and those considered geometric.  This overlap is present because 

most causes of crack initiation produce a local increase in stress, either by adding additional load or by 

creating local stress concentrations.  Therefore, the boundary between stress and geometry effects is 

somewhat arbitrary. 

The conceptual MSD/MED analysis is given further detail in Figure 8-2.  Lines from the inputs lead to 

intermediate analysis boxes, then on to the results expected of the analysis.  Many of the intermediate 

analyses in the top half of the figure have a strong history of successful deterministic analysis, such as the 

widely accepted formulae for linear stress concentrations, stress intensity, and crack growth rate (Ref 

[8-1]).  The analyses in the lower half of the block are less applicable to deterministic analysis, both due 

to the complexity of the physics and to the probabilistic nature of the inputs. The focus of this chapter is 

the probabilistic modeling of those areas, where the input stress and geometry inputs are modeled to 

output crack shapes and features, and the cycles to crack initiation. 
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Neural Network Algorithms 

Data from analysis of crack initiation is typical of complex engineering data sets that exhibit large scatter 

resulting from the contribution of multiple random variables.  Nondeterministic modeling approaches 

have to be applied to fully capture the physical processes.  The simulation tools must have good 

generalization capabilities for problems with large noise and ill-posed conditions.   

Also, the data sets are often sparse due to prohibitive costs associated with collecting large amount of 

data in a multi-dimensional parameter space.  Models that require a minimum amount of measurements 

for an accurate simulation of the process are needed.   

Neural networks are well suited for such tasks.  Multi-layer perception networks enable accurate 

approximation of any continuous response [8-2].  If the network parameters are defined as random 

variables, the response probability distributions can be obtained as functions of the input through 

Bayesian learning.  Bayesian learning also enables filtering noise, allows for the model complexity 

independence on the amount of training data, and results in the network convergence that is similar to 

the convergence of a closed-form series-type solution.   

Multi-layer perception networks are nonlinear multi-parameter models.  An example of such a network 

that takes an input vector },...,{ 1 nxx=x  and from them computes an output vector 

)}(),...,({ 1 xxf pff=  using one or more layers of hidden units )(xjh , is  

)tanh()(

)()(

∑

∑
+=

+=

i
iijjj

j
jjkkk

xuah

hvbf

x

xx

                                                (8-1) 

The unknown parameters in eqns (8-1) are the weights iju  and jkv , and the biases ja  and kb  of the 

hidden units and the output units, respectively.  These parameters are evaluated through a regression 

analysis using a set of input and target vectors )},(),...,,{( (m)(m)(1)(1) yxyx .  A pair of the input and 

target vectors )},...,{,},...,({),( )(
1

)(
1

k
p

k
n yyxx=(k)(k) yx  represents a single point in the data set 

resulting from measurements.   



 
 

 ENGINEERING DEPARTMENT 

  SHEET 8-3 NO. 4-087051-20 
  TOTAL 8-18   
  ISSUE DATE  12/22/04 
 

PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

The process of evaluating the network parameters is called training, and the data used in this process 

are called the training data.  The network output probability distributions can be obtained as continuous 

functions of the inputs if the network weights and biases are defined as random variables.  Capturing the 

crack growth rate probability distribution as a function of the crack size from the striation count data is a 

key to the development of crack growth models that enhance the predictive capabilities of the models 

simulating only the average crack growth behavior.   

If the network parameters are defined as random variables, Bayesian techniques can be applied to 

evaluate the corresponding probability distributions [8-2].  Bayes’ theorem expresses the conditional 

probability density ( )DP ? of the network parameters vector ?  given the data D (posterior probability 

density of the network parameters) in terms of the conditional probability density ( )?DP of the data 

given the network parameters (likelihood function), and the network parameter probability density 

form ( )?P  selected prior to the analysis, as 

( ) ( ) ( )
( )

( ) ( )
( ) ( )∫

==
???

????
?

dPDP

PDP
DP
PDP

DP                                       (8-2) 

The denominator ( )DP  in eqn (8-2) represents a normalization factor which ensures that the integral 

of ( )DP ?  over the network parameter space equals one.   

The prior probability distribution for the network weights and biases must encompass a wide range of 

possible values.  Normal distribution with unknown standard deviation is typically assumed [8-1].  The 

unknown standard deviation becomes a hyperparameter that is determined during the network training.   

The likelihood function that results in the maximum likelihood expression equivalent to the least squares 

approximation is the Gaussian noise model [8-2].  For a single output variable model, the Gaussian 

noise is expressed as 

( ) [ ]( )22

1

2)(exp
2
1

kkk

m

k k

yfDP σ
σπ

−−= ∏
=

x?                              (8-3) 
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The negative log of eqn (8-3) is proportional to the sum of the squared errors ( )∑
=

−
m

k
kk yf

1

2)(x .  The 

average network response represented by the mean values )(xkf  in eqn (8-3), and the standard 

deviations kσ  are determined during the network training.   

The Bayesian regularization technique [8-3] finds a network that maximizes the posterior probability 

density ( )DP ?  for the network weights and biases.  The required network training includes the 

minimization of the following performance function of the network parameters 

( ) ∑∑
==

+−=
s

i
i

m

k
kk yfF

1

2

1

2)()( θαβ x?                                           (8-4) 

The regularization coefficient α  is inversely proportional to the variance of the network parameter 

distribution, and the regularization coefficient β  is inversely proportional to the variance of the Gaussian 

noise model if a single variance normal distribution for the network parameters, and a single variance 

Gaussian noise are assumed.  The regularization coefficients α  and β  can be expressed in terms of the 

network parameters and the training data, and determined in the process of minimization of the 

performance function (8-2) using an iterative procedure [8-3] that handles the presence of multiple local 

minima.  The number of effective network parameters is automatically established such that a larger 

number of parameters in the network will not affect its output.  Bayesian regularization predicts the 

network output normal distribution as a continuous function of the input [8-2].   

The Bayesian regularization has been successfully applied to simulate a multiple element damage 

probability distribution from the field inspection data [8-4] when the standard two- and three-parameter 

probability distributions could not provide acceptable fit due to the lack of flexibility.   
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Application to Teardown Data 

Classification 

In this section, the concepts introduced previously section are applied to preliminary teardown data.  

This analysis is preliminary, intended to illustrate the underlying concepts of a neural network classifier.  

An actual classifier for this problem would depend on more than the two variables shown.  Also, due to 

the large demonstrated difference in initiation between S-4L and S-4R, the generalization of any 

classification algorithm is limited until S-4L teardown data is available and included. 

The data shown in Figure 8-3 is the result of a parametric study of three bays of S-4R data.  The left 

chart plots average rivet tail height versus the maximum crack length in each hole.  Average tail height is 

related to the rivet installation, where under driven rivets have a higher tail height and a lower rivet 

interference.  Maximum crack length is related to the time of crack initiation, assuming that the holes 

with the longest cracks initiated earliest.  Although a trend is expected in this data, the data is scattered 

and a regression line has a low quality of fit (R2 = 0.1). 

The right chart in Figure 8-3 plots distance from the nearest frame versus the maximum crack length in 

each hole.  As shown in the finite element analysis of the target areas (see Chapters 3-5), the hoop skin 

stress is lowest at the frame, and increases as the distance from the frame increases.  A trend is 

expected in this data where the maximum crack length increases as the distance increases, but no such 

trend is evident in Figure 8-3. 

This data demonstrates the difficulty in applying conventional regression techniques to data with a large 

amount of scatter.  In Figure 8-4, the same data is plotted as a classification problem, with the data 

discriminated into two classes: those holes that have maximum crack lengths greater than 0.100”, and 

those that do not.  The decision boundary is used to classify new data: points with features below the 

decision boundary are classified as “>0.100”, while data points with features above the boundary are 

classified as “<0.100”.  In a typical two-class classifier algorithm, the decision boundary is defined as 

those combinations of parameters x where the output vector f(x) in equation (8-1) is equal to zero. 
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The Figure 8-4 decision boundary is nearly optimal because it is set to minimize the probability of 

misclassifying any new data point.  Based on the training data, the probability of correct classification is 

approximately 80%.  This probability of correct classification is determined using Bayes’ Theorem 

similar to equation (8-3); the posterior probability of correct classification of new data is determined 

from the conditional and prior probabilities from the known data (i.e. training data). 

Concept Evaluation 

During Q9, a probabilistic neural network architecture termed a Gaussian Radial Basis Network 

(GRBN) was explored.  This network is a recasting of an older statistical analysis into a neural network 

framework(Ref 8-2), using the architecture shown in Figure 8- 5.  The method identifies data clusters by 

placing a number of nodes into data domain that minimizes the sum of distances from each data point to 

its nearest node (see Figure 8- 6).  The activation at the output node is the weighted sum of the basis 

functions plus a bias term: 

( ) ( ) 0k

M

1j
jkjk wxwxy +φ= ∑

=
( ) ( ) 0k

M

1j
jkjk wxwxy +φ= ∑

=  

where the basis function φ has a value 1 at the node, diminishing radially away from the node, as below: 

( ) 










σ

µ−
=φ 2

j

2
j

j 2

||x||
expx( ) 











σ

µ−
=φ 2

j

2
j

j 2

||x||
expx

, 

where µj is the location of the jth node. 

This architecture has two tunable parameters:  the number of nodes, which is typically much smaller than 

the number of training data points, and σ.  Small values of σ result in a smoother decision boundary that 

may not capture important features of training data, as shown in Figure 8- 8.  Large values of σ may 

result in an overly complex (flexible) decision boundary that over-fit the training data but not generalize 

well, as shown in Figure 8- 9.  Changes to the number of nodes has a similar effect. 

During Q9, a prototype proof-of-concept network was developed to evaluate modeling concepts.  The 

network is a simple single-input, single-output model as shown in Figure 8- 10.  For this model, the 

input is crack length, and the output is probability of detection.  These parameters were selected 
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because the relationship between them is intuitive, and because accepted industry methods for modeling 

this relationship exist.  Although this network could be useful as a POD model, it is primarily intended as 

a building block towards the multi-parameter initiation model facing similar data challenges. 

A controlled set of data was created to evaluate the Gaussian Radial Basis Network (GRBN).  The 

data was created and analyzed as follows: 

- Probability of Initiation curves for two NDT inspection types were fabricated, as shown in 

Figure 8- 11.  Inspection A represents a first-layer inspection, and Inspection B represents a 

second-layer inspection.  Both inspections produce indications independent of crack length 

below 0.050”, and both inspections have a maximum POI at 95%. 

- For each inspection type, two sets of crack length vs. hit/miss data were created using Monte 

Carlo techniques.  The first data set has crack lengths distributed evenly throughout the 0 – 

0.500” domain.  The second data set uses the actual crack length distribution as of the Q8 

Damage Characterization report.  This second set represents the typical data distribution that 

the initiation model will be presented with.  Both sets have 145 data points. 

- Each of the four data sets was evaluated using both the prototype neural network and the 

industry standard log/logistic fit (see Inspection Capability Reports).  The ideal method, given 

enough data points, will return a close approximation of the POI curve. 

The results for Inspection A, Distributed Data are shown in Figure 8- 12, and demonstrate the 

fundamental shortcomings of both approaches.  The 2-parameter log/logistic fit assumes a POD of 0% 

at 0” crack length, and 100% POD at some finite length.  That assumption is not valid for these 

fabricated inspections, so the log/logistic misses the POD in those regions.  Conversely, the GRBN is a 

non-parametric method that includes no assumptions of functional shape, so it can capture the POD 

floor and ceiling.  However, the related disadvantage is that the three misses at crack lengths > 0.440” 

lead the GRBN to predict a POD reduction for large cracks that does not reflect the physics of the 

inspection. 
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The results for Inspection A, Typical Data, and Inspection B, Distributed Data are shown in Figure 8- 

13 and Figure 8- 14, respectively.  For both cases, both methods are able to recapture the POI curve 

approximately, including the critical 90% POD point.  Non-parametric methods do not extrapolate well, 

so the GRBN result is only shown within the source data. 

The results for Inspection B, Typical Data are shown in Figure 8- 15.  This is an important case where 

the data set does not include lengths longer than 90% POD.  The GRBN produces a close 

approximation to the inspection curve, but the log/logistic fit diverges significantly.  This divergence is a 

well-known shortcoming of this standard approach, but is a critical shortcoming for an initiation model 

as the input data is expected to lie between 10% and 90% probability of initiation for many parameters.  

Based on this evaluation, a GRBN appears well-suited to this type of data. 

In summary, the conclusions from the Proof-of-Concept GRBN evaluation are: 

- Since a curve fit assumes a shape to the functional relationship, it performs best when: 

- The relationship between variables is understood and preferably monotonic, as with: 

i) Probability of crack initiation vs. time in service 

ii) Probability of detection vs. crack length 

- The output data is spread consistently across the complete range; 

- Non-linear effects and interactions are not significant. 

- Due to its flexibility and lack of predetermined shape, a Probabilistic Neural Network model 

performs best when: 

- The relationship between variables are non-linear and not necessarily monotonic. 

- Relationships are a function of several interacting variables, such as: 

i) Location of crack initiation vs. rivet tail geometry. 

ii) Probability of detection vs. orientation and number of cracks. 

- Data is clustered in areas of interest, but does not span a range 
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- Extrapolation is not needed. 

Based on the successful performance of the prototype network, future work will apply the GRBN to the 

multi-parameter initiation problem. 
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Figure 8-1:  Conceptual Schematic of WFD Assessment 
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Figure 8-2:  Conceptual Schematic of MSD/MED Analysis 
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Figure 8-3: Scatter Plots from Parametric Study 

< 0.100"

> 0.100"

0.0700

0.0750

0.0800

0.0850

0.0900

0.0950

0.1000

0 2 4 6 8 10

Distance to Nearest Frame

A
ve

ra
ge

 R
iv

et
 T

ai
l H

ei
gh

t

084
160

085

117

139

225

214

070
112

038

105

151

142

065

037

058

085

195

095

055
036

093
167
121
091

056
154

125

105

067

067

055

200

123

083

108
107

0.0700

0.0750

0.0800

0.0850

0.0900

0.0950

0.1000

0 2 4 6 8 10

Distance to Nearest Frame

A
ve

ra
ge

 R
iv

et
 T

ai
l H

ei
gh

t

084
160

085

117

139

225

214

070
112

038

105

151

142

065

037

058

085

195

095

055
036

093
167
121
091

056
154

125

105

067

067

055

200

123

083

108
107

0.0700

0.0750

0.0800

0.0850

0.0900

0.0950

0.1000

0 2 4 6 8 10
0.0700

0.0750

0.0800

0.0850

0.0900

0.0950

0.1000

0 2 4 6 8 10

Distance to Nearest Frame

A
ve

ra
ge

 R
iv

et
 T

ai
l H

ei
gh

t

084
160

085

117

139

225

214

070
112

038

105

151

142

065

037

058

085

195

095

055
036

093
167
121
091

056
154

125

105

067

067

055

200

123

083

108
107

Decision Boundary
Classify  > 0.100"
14/16 =  88% Correct

Classify  < 0.100"
15/20 =  75% Correct

 

Figure 8-4:  Classification with Optimal Decision Boundary 
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Figure 8- 5: Neural Model of Gaussian Radial Basis Network 
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Figure 8- 6:  Schematic – Node Placement within Data Domain 
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Figure 8- 7:  Schematic-Decision Boundary and Node Interactions 
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Figure 8- 8: Schematic - Decision Boundary Too Stiff, Does Not Capture Effects 
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Figure 8- 9:Schematic-Decision Boundary Too Flexible, Does Not Generalize 
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Figure 8- 10: Proof of Concept Network 
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Figure 8- 11:  Inspection POI Curves 
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Figure 8- 12:  Results for Inspection A, Distributed Data 
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Figure 8- 13: Results for Inspection A, Typical Data 
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Figure 8- 14:  Results for Inspection B, Distributed Data 
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Figure 8- 15:  Results for Inspection B, Typical Data 
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CHAPTER 9:  ANALYSIS SUPPORTING PANEL TESTING 

Introduction 

This chapter contains analysis conducted during the FASTER testing.  This chapter includes results of 

the FT2 pre-test strain survey conducted in advance of any fatigue testing.  In addition, it includes an 

evaluation of FASTER’s feedback load control system.  Finally, it includes discussions and analysis 

regarding stringer clip and skin cracking discovered during the FT2 test. 

FT2 Strain Surveys 

The Final Test Plans for each of the four panels includes a strain survey at the fatigue condition prior to 

the start of the extended fatigue testing.  The objectives of the strain surveys are: 

- Create a high-fidelity strain map of the test panel at Design Service Goal, before additional damage 

has initiated.  This map will be the baseline for comparison with later strain measurements as MSD 

develops. 

- Validate the FEA models used to develop the test plans, and ensure that the panel is behaving as 

expected. 

- Optimize the FEA models as necessary to improve correlation with the strain measurements.  The 

FEA models’ boundary conditions are particularly important to this correlation. 

Evolution of the FEA models based on the strain surveys are discussed in the Chapters 3 and 4.  The 

focus of this chapter is the comparison between FASTER measurements and FEA results. 

Test Plan for Strain Surveys 

As FT2 was the first panel to be tested, the strain gage surveys in advance of fatigue testing were 

particularly exhaustive.  The initial surveys were conducted at 5 psi internal pressure to ensure that all 

internal loads were relatively low.  In addition, a 5 psi condition is more difficult to model or accomplish 

consistently, since fluctuations due to fixture friction, panel weight, and actuator load tolerances are 
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more evident at low pressures.  These effects are expected to reduce at the higher loads specified for 

the fatigue test.  Although other tests were conducted, the primary strain surveys are as follows: 

- Nominal 5 psi Cylindrical: 5 psi internal pressure, with hoop skin and frame loads determined from 

the symmetric FT2 model.  The ratio of combined frame load to total hoop load was 12.04%, as 

specified in the FT2 Final Test Plan.  The total applied hoop load was 42,540 lbs.  The 2590 lbs 

applied at each longitudinal actuator corresponds to cylindrical internal pressure only. 

- 5 psi F/S Ratio Sensitivity: 5 psi internal pressure, with hoop skin and frame loads variable.  Total 

load was held constant at 42,540 lbs, while the ratio of frame load to total hoop load was varied 

from 10% to 14%.  Tabular results are not yet available, but observation showed little change in 

strain during this test. 

- 5 psi Total Hoop Sensitivity: 5 psi internal pressure, with hoop skin and frame loads variable.  The 

ratio of frame load to total hoop load was held constant at 12.04%.  The total load was varied ±5% 

of nominal, varying from 40,413 lbs to 44,667 lbs. 

- 8.9 psi cylindrical:  8.9 psi internal pressure, with hoop skin and frame loads as specified in the FT2 

Test Plan.  The longitudinal load corresponds to cylindrical internal pressure only.  This test may be 

accomplished in three subtests: hoop and pressure only, longitudinal load only, and then complete 

load condition.  As of 3/24/04, this test was planned but not yet accomplished. 

- Test Phase 1 Condition (8.9 psi pressure plus 1.25 g flight load), with hoop and longitudinal 

actuators per the FT2 Test Plan.  Test may be accomplished in three subtests: hoop and pressure 

only, longitudinal load only, and then complete load condition.  As of 3/24/04, this test was planned 

but not yet accomplished. 

FT2 Focus Strain Gages 

There are 66 strain gages called out in the FT2 test plan.  In addition, the FAA installed several 

additional strain gages in discretionary locations for data collection during the strain survey.  A map of all 

locations is shown in Figure 9-1.  However, analysis comparing the strain measurements to FEA 
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focuses on the gages listed below.  Numbers identify the strain gages per the FT2 Test Plan, while the 

nomenclature from Figure 9-1 is shown in parenthesis: 

FS 660, below S-6L  

- 19 (S19) - Outer Surface Skin (Hoop) 

- 20 (F20A) - Frame Outer Chord (Hoop) 

- 21 (F21B) - Frame Inner Chord (Hoop) 

FS 640, below S-4L 

- 4 (S4B) - Inner Surface Tearstrap (Hoop) 

- 5 (F5A)  - Frame Outer Chord (Hoop) 

- 6 (S6) - Outer Surface Skin (Hoop) 

- 7 (F7B) - Frame Inner Chord (Hoop) 

Between FS 640 and FS 660, below S-4L 

- 1 (S1L)  - Outer Surface Skin (Longitudinal) 

- 28 (S28, S28L, S28-45)  - Outer Surface Skin (Rosette) 

- 31 (S31B, S31L, S31-45) - Inner Surface Skin (Rosette) 

- 46 (S46) - Outer Surface Skin (Hoop) 

- 47 (S47B) - Inner Surface Skin (Hoop) 

Between FS 640 and FS 660, below S-5L 

- (S90, S90L, S90-45) - Outer Surface Midbay Skin (Rosette) 

FS 660, below S-4L 

- 8 (S8B) - Inner Surface Tearstrap (Hoop) 

- 9 (F9A)  - Frame Outer Chord (Hoop) 

- 10 (S10) - Outer Surface Skin (Hoop) 

- 11 (F11B) - Frame Inner Chord (Hoop) 

Between FS 640 and FS 660, below S-5L 

- 3 (S3L)  - Outer Surface Skin (Longitudinal) 

Between FS 640 and FS 660, above S-4L 

- 16 (S16) - Outer Surface Skin (Hoop) 

- 58 (S58B) - Inner Surface Skin (Hoop) 
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Frame radial links at FS 640 and FS 660 

FT2 Strain Survey Results and Conclusions 

Three separate strain surveys were accomplished for each load case.  For each survey, the applied load 

was stepped to the load case in 10% increments.  The table in Figure 9- 2 contains the measured strain 

results of the 5 psi Nominal and Total Load Sensitivity Surveys.  Strain values have been corrected by 

the FAA to ensure that zero strain corresponds to zero applied load.  For each gage, “εx” is the average 

the three measurements, and “Var.” is a measure of variability in the three measurements. 

Var. = | (Max – Min) /Average | 

A table comparing results of this survey is shown in  Figure 9-3.  The bold border locations are those 

gages on the lower skin just below the S-4 joint that are most critical for the behavior of lap joint MSD.   

The two FEA data sets refer to two similar FEA models with different boundary conditions to represent 

the frame and skin loaders.  “FEA 1” refers to the FEA panel model with simplified constraints defined 

in the global coordinate system. “FEA 2” refers to the modified panel model with more complex 

restraints defined in local coordinate systems.  See Chapter 3 for a detailed discussion.  “?” is a 

measure of the difference between the average measured strain and the respective FEA prediction: 

? = | FEA – FASTER | /Average (FEA, FASTER) 

Plots of these results are contained in Figure 9-4 through Figure 9-13.   

The following conclusions can be made from the 5 psi data: 

- There is good correlation between the predicted and measured strains in the panel skin.  In the skin 

below S-4, prediction and measured values are typically within 6-8 %.  This correlation improves as 

the hoop load is increased, so correlation is expected to improve at 8.9 psi. 

- Both the predicted and measured hoop strains in the panel skin are relatively insensitive to the total 

hoop load.  Apparently, internal pressure is the dominant factor in the skin hoop strain in the critical 

locations, since variations in frame/skin ratio and total hoop load have little effect. 
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- Conversely, the predicted and measured strains in the frame chords are quite sensitive to actuator 

loads and to boundary conditions.  Sensitivity to applied load is shown by the steep slopes in the 

sensitivity plots for gages 5, 7, 9, and 11.  Sensitivity to boundary conditions is shown by the 

difference among the two FEA models, and the significant variability among FASTER 

measurements at the same condition.  This sensitivity is particularly evident near the panel center, 

where the frame bending inherent to D-box testing is the greatest.   

- Due to this sensitivity, correlation and repeatability in the frames are less than in the skin.  However, 

this is not considered consequential for fatigue propagation of lap joint MSD.  Cracking in the 

frames or in the frame-to-stringer attachments will likely initiate and propagate differently during 

FASTER testing than in service.  The arrest of linked lap joint MSD at the frames and tearstraps 

may also be affected. 

- The correlation to strain measurements is strongly related to the fidelity of the structure’s FEA 

model.  The models used here were designed to predict the stress state in the fuselage skin at S-4 

and have proved acceptable for that objective.  The frames and frame attachments in these models 

are relatively coarse to maximize model performance during non-linear solution.  A model optimized 

for frame analysis would be needed to provide better correlation with the frame strain 

measurements. 
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FT2 Load Transducer Survey 

FASTER is a load-controlled test machine, meaning that the loads at the skin edges and frames are 

applied rather than reactive.  These loads are controlled through operation of 40 electro/ pneumatic 

valves, using a full proportional integral derivative (PID), closed-loop feedback error control process  

(Ref 9-1).  The only significant reaction forces are at the frame radial links.  Therefore, the performance 

of this feedback control system is critical to the correct application of test loads. 

This performance was evaluated by examining time-domain data from FASTER’s circular buffer at 

approximately 7,500 cycles.  This time domain data is not necessarily the worst case, but rather is 

considered representative of typical performance.  Figure 9- 14 shows time value traces for the 

feedback loads from internal pressure, 2 frames, and 3 hoop skin loaders.  The load magnitudes are 

plotted versus percentage of target load to allow comparison o the same axis.  Values for target load 

are the maximum loads from the FT2 Test Plan, and shown in the first row of Table 9-1.  The time value 

on the x-axis is in seconds, with t = 0 defined at an arbitrary start point not related to the test. 

Figure 9- 15 shows one complete load cycle from the same data.  This figure shows that the pressure 

response is extremely good, with a smooth sinusoidal response from 10% to 100% command.  The skin 

response is also good, though the skin load leads the pressure slightly during loading and unloading, and 

overshoots the target maximum by a few percentage points.  The frame response shown deviates further 

from command, and there is a significant overshoot after the pressure reaches maximum.  The effect of 

this asynchrony between the skin, frame, and pressure loads is evaluated using finite element analysis in 

a subsequent section. 

Figure 9- 16 shows the measured response at all load transducers at the time slice corresponding to 

“Max Pressure” in Figure 9- 15.  Table 9-1 tabulates the variation in measured load between the load 

transducers.  Note that Figure 9- 16 also shows differences in load between transducers on opposite 

ends of the same frame.  This situation indicates an increased load in the stringer clips as that load is 

redistributed. 
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Table 9-1 
 Targets Max/Min vs. Target Max vs. Min 

Internal Pressure 8.9 psi 0.4 psi (0.4%) --- 
Hoop Skin 9,510 lbs 530 lb (5.6%) 8.4% 

Frames 1,530 lbs 182 lb (12%) 17% 
Long. Skin 16,220 lbs. 562 lb (3.5%) 4.4% 
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FT2 Stringer Clip Analysis 

Starting at  7,500 test cycles, cracks were found in a large number of FT2 stringer clips.  Figure 9- 17 is 

a schematic showing the locations were clips were found between 7,500 and 15,000 cycles. 

Detailed discussion of the fractography and analysis of the stringer clip cracks is contained in the Q7 

Damage Characterization progress report.  The conclusions from that analysis considered here are: 

• Cracks initiated at multiple surface origins, often on both sides of opposing surfaces. 

• Fracture surfaces indicate 1,800 - 2,800 cycles of fatigue crack growth in reverse bending. 

• Stress corrosion is not a significant factor. 
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History of Stringer Clip Cracking 

There are no Boeing Service Bulletins applicable to stringer clip cracking in the 727 fuselage crown.  

There are service bulletin inspections of clips at the floor cusp because un-heat treated clips were 

inadvertently installed, and there are service bulletin inspections for cracking in stringers and frames at 

locations where stringers were attached directly to the frames. 

Figure 9- 18 shows the results of Service Discrepancy Report (SDR) search of FedEx 727 "Tie Clip" 

reports between S-10L and S-10R, from 1995 to present.  This figure demonstrates that stringer clip 

cracking does occur in service at locations within the FASTER test panels.  Note that SDR reports of 

structural repairs are only required if the repair is considered major, whereas a stringer clip replacement 

is a relatively simple procedure.  Therefore, it is expected that many more 727 crown stringer clips have 

been replaced in service than are contained in the SDR database. 

Stringer clips in the 737 fuselage crown are similar to the 727, and Boeing Service Bulletins have been 

issued to address 737 clip cracking.  SB 737-53-1085 inspects for similar cracks due to sonic fatigue in 

the crown from BS 540 to BS 727A, 6L - 6R.  The FAA-AANC testbed 737 (737-222 with 46,358 

cycles) has 24 "tie-clips" with visually detectable cracks within the SB inspection area (Ref 9-2).  Figure 

9- 19 shows a photograph taken of the 737 clip next to a photograph of one of the cracked 

replacement FT2 clips, demonstrating that the crack location and morphology are virtually identical. 

Note that the Service Bulletin modification addressing this damage is to replace the clip with a laminated 

0.016”+0.016” 7075-T6 clip.  Per the service bulletin, clips with cracks less than 0.50” with no 

adjacent cracked clips were allowed to stay service with 2,000 cycle inspections. 
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Finite Element Analysis 

As shown in Figure 9- 17, stringer clips have been discovered cracked all over the panel but particularly 

along stringer 3. Although such cracks have been observed during regular operations, it is unusual for 

stringer clips at certain locations to be more severely loaded than others. Therefore, the FT2 loading 

conditions and the fixtures had to be carefully studied. 

The objectives of this analysis are as follows: 

• To study the observed stringer clip cracking during the FT2 testing. 

• To investigate the effect of the frame and the stringer deformation on the clip. 

• To assess the FASTER test load input perturbations. 

Approach 

The analysis was carried out in 3 steps as shown. 

• The global FT2 model (See Figure 9- 20) displacement results, with the test plan loads, were 

mapped on to the local stringer clip models at stations 620 and 640 at stringer locations 3 and 6.  

Stringer 3 locations had the most severe cracking and Stringer 6 locations were arbitrarily chosen for 

comparison. 

• The measured actuator loads from the FASTER test at 2 different time instances were applied to the 

global FT2 model and the displacements mapped on to the local clip model at the above mentioned 

4 locations to evaluate asynchrony effects during the test. 

• The stringer clip at station 620/ stringer 3 was assumed completely failed, to determine the effect on 

the skin at the lap joint location. 

Description of the Model 

The global FT2 model has a detailed representation of the radial links and fixtures and a fairly accurate 

representation of the skin, stringers and the frames. The model has approximately 105,000 degrees of 

freedom and the displacements on the skin, stringers and frames converged for the original test plan load 
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of 8.9 psi skin pressure, 9510 lbf / actuator hoop load, 16220 lbf/actuator axial load and 1530 lbf of 

frame hoop load. These displacements were mapped on to the boundaries of the local model which has 

approximately 60,000 degrees of freedom (See Figure 9- 21). 

Results 

The model based on test plan loads showed a high maximum principal stress of 15 ksi at the crack 

location on Frame 620/ Stringer 3 (See Figure 9- 22) compared to only around 3.3 ksi near the crack 

location on the stringer 6 clip. Similar observation can be made on Frame 640 (See Figure 9- 23). 

Therefore it can be concluded that the loads on clips on stringer 3 are more severe compared to the 

loads on clips on stringer 6. The clip at station 620/ stringer 3 was the worst among the 4 locations 

picked for comparison. 

Actuator loads were measured at time slices (Max P-) and (Max P +) shown in Figure 9- 15, and these 

loads were applied to the global model.  The response was mapped on to the local clip models at 

stringers 3 and 6 at stations 620 and 640 to determine the effects of the phase lag in load application. 

Both models (test plan loads and measured actuator loads) show high stress levels at the crack location 

on clips at Stringer 3 for stations 620 and 640. The maximum principal stress at the crack location at 

STA 620 is severe at 15 ksi for the model based on test plan loads (8.9 psi, 16220 lbs longitudinal, 

9510 lbs hoop), predominantly due to the torsion in Frame 620 (See Figure 9- 24). The maximum 

principal stress at the crack location at STA 620 is more severe at 18 ksi for the model based on 

measured actuator loads, at Max P- (See Figure 9- 25). The maximum principal stress at the crack 

location at STA 620 is around 17 ksi for the model based on measured actuator loads at Max P+ (See 

Figure 9- 26). 

An additional run was made with STA 620, stringer 3 clip removed in the global model and 

displacements mapped to the local models on STA 640 at stringer 3 and 6. This was done to see the 

effect of the load path change assuming that the STA 620, stringer 3 clip had failed. The results were 

compared at the skin on the Lap joint location. Figure 9- 27 and Figure 9- 28 show that the skin stress 
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at the lap joint location did not change substantially due to the failure of the clip at frame 620 and 

stringer 3. 

In summary, the conclusions from the FEA analysis are: 

• Cracking occurs at the critical location of the clip 

• Asynchrony in applied load increases the stress in the critical area 

• Failure of a stringer clip does not cause significant load redistribution to either the adjacent clips or 

the lap splice skin. 
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Corrective Actions Considered 

A number of options were considered to improve test performance and potentially reduce clip cracking 

for the remainder of FT2 testing.  These options were: 

1)  Continue test unchanged 

• Proposal:  Continue test per current procedures, and monitor clip for crack growth at a practical 

interval. 

• Advantages:  Test Plan is already as close as practical to service 727, and undetected cracked clips 

are a service problem on 727 and 737 aircraft.  The effect to lap splice MSD is minimal for 

inbd/outbd cracks. 

• Disadvantages:  It is possible that all clips will be cracked eventually, with resulting impact to 

schedule.  With less than 3,000 cycles of crack growth, cracks in replaced clips can reoccur within 

test.  Each clip replacement risks damage to underlying stringer and frame 

2)  Improve FASTER load control performance to improve tracking between commanded and 

measured loads. 

• Proposal:  Evaluate performance for effects of continuous operation.  Retune PID controller and/or 

recalibrate load sensors to improve control performance, or change command signal profile for a 

better match. 

• Advantages:  Improved performance will also benefit lap joint MSD without the risk of future 

complications. 

• Disadvantages:  The control system has already been tuned extensively, so the potential for 

improvement may be limited.  This reductions will reduce loads on clips, but so low that clip cracking 

will be eliminated. 

• Conclusion:  Load tracking should be improved if possible. 

3)  Increase hoop loads as necessary to reduce bending in the panel frames. 
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Proposal:  Use FEA to determine new total hoop load to reduce frame bending to acceptable level, then 

validate results with strain survey. 

• Advantages:  The frame bending is higher than expected for the service condition.  As demonstrated 

by the strain surveys of the skin (see Figure 9-9) and frame chords (see Figure 9-7 and Figure 9-8), 

increased hoop loads may correct this condition with only moderate increase in skin stress. 

• Disadvantages:  Based on extrapolation of the 5 psi strain survey, up to a 20% hoop load increase 

would be required.  The resulting increase in skin stress at S-4 lower row is counter to test 

objectives.  In addition, any significant change to the load profile mid-test may cause complications in 

interpreting fracture surfaces and the test results.  Also, this option has a major impact to the testing 

schedule to accomplish the required analysis and validating strain survey. 

• Conclusion:  The disadvantages of increased load outweigh the potential benefits, so this option is not 

recommended. 

4)  Replace cracked/failed clips with an improved design. 

• Advantages:  Improved durability would result in less downtime for clip replacement, and less risk of 

tooling damage to frames and stringers during clip replacement. 

• Disadvantages:  The replacement clips must be similar in compliance to original equipment, or else 

the load distribution within test panel will change, and the crack problem may move to an adjacent 

structure that is more critical and more difficult to repair. 

• Conclusion:  Replacement clips will have similar compliance, but improved durability. 

Discussion and Recommendations 

In summary, the conclusion from this analysis is that the stringer clip cracking is similar to that seen in 

service, though the stress in the clip are be elevated due to FASTER’s boundary conditions and 

asymmetry in applied loads.  Changes to the Test Plan were considered but not recommended.  The 

recommendations for the remainder of the test are: 
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• Continue with target loads per Test Plan 

• Improve command/response tracking performance as much as practical 

- Ensure PID controller is tuned appropriately for the separate actuators 

- Evaluate if long hours of continuous operation affect performance 

- Reduce frequency if tracking is improved 

• Replace clips by attrition after Replace after failure or at a convenient time just before failure   

- Cracked clips should be monitored every 500 cycles, preferably with remote camera 

- Replacement clips should have similar compliance with improved durability 

Note that all of these changes are relatively minor.  The FASTER panel test is still considered 

representative of the service environment for lap splice MSD. 
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FT2 Skin Cracking Analysis 

Starting at 17,235 cycles, a series of circumferential skin cracks have been discovered in FT2 near the 

edge reinforcement doublers.  Specifically, cracks have been found:  

- In the skin just inboard of the end tear straps (see Figure 9-29) caused by higher stresses 

applied to knife edged fastener countersinks due to panel loading redistribution. 

- At the stringer run outs (stringer and skin cracking, see Figure 9- 30) caused by high fastener 

pin loads due to stringer load redistribution at the ends of the panel. 

- In the skin at the edge of the end reinforcement doublers (see Figure 9- 31) caused by bond 

failure and the resulting increased pin loads. 

Repairs have been designed to address these issues, and instructions will be issued via ER/A to be 

accomplished by FAA technicians.  See ER/A attachments to the FT2 Test Plan. 

Modifications to FT1 

Because of the similarity of the test panels, the durability of FT1 was evaluated at the locations where 

skin cracks have developed in FT2 .  This assessment was based on a comparison of FEA analysis of 

FT2 (see Figure 9- 32) and FT1 (see Figure 9- 33) at these critical crack locations.  Most of the stress 

reduction results from FT1’s location from the forward fuselage, so the longitudinal loads experienced in 

service and applied in the test plan are significantly lower than FT2.  In addition, the internal loads in the 

global FEA model were reduced at Q9 (see Chapters 3 and 4).  Comparison of the two FEA models 

leads to the following conclusions: 

- The stress level just inboard of the end tear straps at the knife edged fastener countersinks 

decreases by approximately 32% over the FT2 panel. 

- The fatigue threshold for cracking at the edge of the end reinforcement doublers with a bond 

failure is greater than twice that of the FT2 panel design. 

- The stress level at the stringer run out decreases by 40% over the FT 2 panel. 
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Based on these results, FT1 is considered less critical for circumferential skin cracking than FT2.  

However, to reduce the likelihood of skin cracking occurring early in the test, the following 

modifications will be performed to FT1 prior to testing: 

- Zero time and remove countersinks from all the fastener holes shown below replacing the 

existing 5/32 inch diameter fasteners with 1/4 inch diameter fasteners per Engineering 

Authorization 093215-14 (see Figure 9- 34). 

- Taper the end of all the stringers at the run out as shown below per Engineering Authorization 

093215-14, Revision A.  This will reduce the pin loads at the end of the stringers (see Figure 9- 

35). 

- Proactively replace the stringer clips at the FS 580 frames with a more durable design. 

Instructions for these modifications have been issued via ER/A to be accomplished by FAA technicians.  

See ER/A attachments to the FT1 Test Plan. 
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Figures 

 

Figure 9-1:  FT2 Strain Gage Locations 
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Figure 9- 2:  5 psi FASTER Strain Results (Corrected) 
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Figure 9-3:   FT2 FASTER and FEA Results (5 psi Nominal and +/- 5% Total Hoop Sensitivity) 
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Gage 1L: Longitudinal Skin at Stringer
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Gage 3L: Longitudinal Skin at Stringer
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Figure 9-4:  Longitudinal Skin Gages 1 and 3 

Gage 6: Skin Outer Surface at Frame
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Gage 10: Skin Outer Surface at Frame
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Figure 9-5:  Hoop Outer Skin Gages at Frames Below S-4, Gages 6 and 10 

Gage 4: Skin/Tearstrap Inner Surface at Frame
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Gage 8: Skin/Tearstrap Inner Surface at Frame
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Figure 9- 6:  Hoop Inner Tearstrap Gages at Frames Below S-4, Gages 4 and 8 
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Gage 5: Frame Outer Chord
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Gage 9: Frame Outer Chord
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Figure 9-7:  Frame Outer Chord Gages Below S-4, Gages 5 and 9 

Gage 7: Frame Inner Chord
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Gage 11: Frame Inner Chord
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Figure 9-8:  Frame Inner Chord Gages Below S-4, Gages 7 and 11 

Gage 28: Outer Surface Skin, 1" below 4L

0

100

200

300

400

500

600

700

800

900

1000

0 1 2 3

FEA 1

FEA 2
FASTER

1:  -5%
2:  Nominal
3:  +5%

Gage 31: Inner Surface Skin, 1" below 4L
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Figure 9-9:  Mid-bay Outer and Inner Skin Gages Below S-4, Gages 28 and 31 
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Gage 46: Quarter-bay Outer Surface Skin, below 4L
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Gage 47: Quarter-bay Inner Surface Skin, below  4L
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Figure 9-10: Quarter-bay Outer and Inner Skin Gages Below S-4, Gages 46 and 47 

Gage 16: Mid-bay Outer Surface Skin, above 4L
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Gage 58: Mid-bay Inner Surface Skin, above  4L
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Figure 9-11:  Outer and Inner Skin Gages Above S-4, Gages 16 and 58 
Gage 90: Outer Surface Skin, Midbay below S-5
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Gage 19: Outer Surface Skin at Frame Below S-6
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Figure 9-12:  Outer Skin Gages away from S-4, Gages 90 and 19 
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Gage 20:  Frame Outer Chord
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Gage 21:  Frame Inner Chord
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Figure 9-13:  Outer and Inner Frame Chord Gages away from S-4, Gages 20 and 21 

 

Figure 9- 14: Time-Domain Data from FASTER Circular Buffer 
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Figure 9- 15: Single Load Cycle from FASTER Circular Buffer 

 

Figure 9- 16:  Load Transducer Measurements at Max Pressure 
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Figure 9- 17: Stringer Clip Cracking at 15,000 cycles 

 

Figure 9- 18:  Stringer Clip Cracks from SDR search 
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Figure 9- 19:  Comparison, FASTER clips to 737 

 

Figure 9- 20: Global FT2 model 
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Figure 9- 21: Local Clip Model (Location on the global model can be varied) 

 

Figure 9- 22: Frame 620 (Original Test Plan Loads), Maximum Principal Stress 
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Figure 9- 23: Frame 640 (Original Test Plan Loads), Maximum Principal Stress 

 

Figure 9- 24: Maximum principal Stress at Worst Location (STA 620/STR 3) - Original Test Plan 
Loads 
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PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

 

Figure 9- 25: Maximum Principal Stress at Worst Location (STA 620/STR 3) at time Max P- 

 

Figure 9- 26: Maximum Principal Stress at Worst Location (STA 620/STR 3) at time Max P+ 
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PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

 

Figure 9- 27: Maximum Principal Stress on Skin near Lap Joint with STA 620/STR 3 Clip Included 

 

Figure 9- 28: Maximum Principal Stress on Skin near Lap Joint with STA 620/STR 3 Clip Removed 
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PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

 

Figure 9-29:  FT2 Crack at Stringer 5L and BS 622.6 

 

Figure 9- 30:  FT2 Cracking at Doubler Edge 
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PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

 

Figure 9- 31:  FT2 Cracking at Stringer Run Out 
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Figure 9- 32:  FEA Results at FT2 Crack Finding 
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PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 

 

Figure 9- 33: FT 1 FEA Results at FT2 Crack Findings 
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Figure 9- 34: Fastener Hole Rework Locations to Prevent Skin Cracking 
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PROPRIETARY DATA – RESTRICTED DISTRIBUTION – CONTROLLED BY TERMS OF FAA AGREEMENT 
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Figure 9- 35: Stringer Rework to Prevent Skin Cracking 
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APPENDIX A: INITIATION MODELS LITERATURE REVIEW 
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EQUIVALENT INITIAL FLAW SIZE 

Aircraft structure components have flaw or crack like defects from inherent material differences and 

from processes.  Table 1 shows the possible flaws induced by different processing.  The crack-initiating 

flaws may be either extrinsic or intrinsic.  Extrinsic flaws can be machining marks, surface scratches, 

nicks, etc., and intrinsic flaws are microstructural inhomogeneities such as inclusions, slip bands, 

incomplete fusion, heat affected zone, microporosity, and grain boundaries.  Thus , the initial flaw quality 

of an aircraft alloy is very important to the fatigue life of the structural components.  Initial flaws of a high 

quality structure are not detectable.  The flaws can promote crack initiation sites.  However, not all 

flaws are propagated from an initial defect.  For these reasons, the Equivalent Initial Flaw Size (EIFS) 

concept was introduced 30 years ago.1,2,3,4,5,6  It is being developed as an analytical method to account 

for the initial quality of structural details in the durability analysis.  Since the 70’s Air Force has 

investigated EIFS approach.7  Boeing also has conducted EIFS project.8  From October 1997 to June 

2000 the Federal Aviation Administration’s (FAA) Widespread Fatigue Damage (WFD) Evaluation 

program9 had conducted an EIFS Testing and Analysis program at the Air Force Research Laboratory, 

Air Vehicles Directorate, Structures Division, Analytical Structural Mechanics Brach.  FAA William J. 

Hughes Technical Center has been investigating EIFS approach to the curved panel configuration [11]. 
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Table 1: Processing induced flaws. 

Processes Flaw Type 
Casting or forging inclusions, porosity 
Welding incomplete fusion, heat affected zone 
Machining quality surface finish, stress concentrators 
Heat treatment quench rate, temper embrittlement, decarburizing 
Stress relief straightening, residual stress 
Machining after heat 
treatment 

hole drilling, grinding, untempered martensite 

Plating hydrogen embrittlement, poor adhesion, coating flaws 
Assembly residual stresses, eccentric loads, interference fasteners, fretting 

The EIFS characterizes the initial fatigue quality of a durability of a critical component.  Generally there 

are two concepts for making life predictions for aircraft structural reliability problems.  There are (1) the 

distribution of time-to-crack initiation (TTCI) and (2) the EIFS distribution (Johnson, 1977).  The 

period of crack initiation or the time to crack initiation (TTCI) is defined as the time in cycles or flights 

or flight hours it takes for a non detectable crack from the beginning of fatigue loading to grow to a 

reference crack size.  The crack initiation distribution is physically observable and can be derived from 

the results obtained using coupon experimental data, full-scale experimental data, teardown data, and 

aircraft in-service data.  In some instances, the TTCI period makes up a large proportion of the crack 

growth life of a structural component and this is especially the case for jet engine discs components.  

The reference-crack size is commonly selected on the basis of a detectable crack by the NDI.  The 

Equivalent Initial Flaw Size is computerized from the terminal crack size by conducting the crack growth 

analysis backwards.  The terminal crack size can be determined from coupon experimental data (such 

as fractographic data or S-N data), full-scale experimental data, tear-down data, and aircraft in-service 

data.  In a similar way, the time of growth to minimum inspection size from time zero can also be 

determined. 

The assumption for this model is that crack growth follows the power law: 

da/dN = C(∆K)n   (1) 

where da/dN is the crack growth per cycle.  C and n are material constants. ∆K is the stress intensity 

range. 

Integrating the above equation yield: 
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Where ti is the time to crack initiation and ai is the crack length at crack initiation equal to minimum 

inspection size, C* and n* are material constants. 

Johnson et al applied Weibull distributions to fit the times to crack initiation and to initial flaw sizes. 
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Where γ and η are shape parameters, ε is scale parameter, λ is scale parameter, Za is the standard 

normal variate for a 100th percentile and Z1-a is the standard normal variate for (1-a)100th percentile, 

xa is the a percentile of data and x1-a is the (1-a) percentile of data.  A=1% to 2% was used in most 

cases.  The distribution is bounded by ε and ε+λ.  Once ε, λ, γ, and η is calculated for each set of 

data, the Johnson distribution function can be find by integrating the density function, equation(3). 

The probability failure is 
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where y=λx, dy=λdx, Γ(•) is the gamma function. 

The relation between the TTCI distribution and EIFS distribution is shown in Figure 1.  Yang et al has 

demonstrated this existence of compatibility between the TTCI distribution function and EIFS 

distribution function for the Weibull and the lognormal distributions.  The power crack growth law, refer 

to equation (1), transforms the TTCI distribution function back to the y-axis at zero time to produce a 

compatible EIFS distribution. 

 

Figure 1:  The relationship between TTCI and EIFS distribution. 

The advantage of the TTCI is that test data can be obtained using coupon specimen and full-scale 

component.  Also, TTCI values are physically observable for given crack sizes.  But crack initiation time 

is a function of many variables, such as, stress level, loading spectra, and manufacturing processes, etc. 

The EIFS distribution back-calculated from fatigue life has been shown to correlate well with actual flaw 

size measurements. The benefit of this approach is that the fatigue life data, which are test dependent, 
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are transposed to an EIFS which is independent of specimen size, stress level and spectrum.  This, 

however, still need to be proven.  In addition, the EIFS calculations are prone to compounding errors in 

the crack growth analysis due to the changing stress intensity factor solutions and stress fields as the 

crack gets longer (Fawaz).  Aircraft tear down project will provide an effective approach to verify the 

EIFS concept and the distribution in a physically meaningful manner.  Many study indicated that Weibull 

distribution fitted particular well to the tail of the large crack size data found in teardown inspections and 

maintenance inspections. 

Numerous investigators have studied and measured EIFS for aircraft materials.  The available EIFS 

values are summarized in Table 2.
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Table 2.  EIFS values from different investigators. 

Sample EIFS (inch) References 
2024-T3 non-corroded >1x10-6 and <1x10-4 Liao and Xiong 
2024-T3 corroded 1x10-4 Liao and Xiong 
Alcoa 7050-T7451 5.7x10-3 Magnusen, Hinkle, Kaiser, 

Bucci, and Rolf10 
2024-T3 2.4x10-4 Newman, Philips, Swain11, 

Newman [12] 
7075-T6 2.4x10-4 Newman, Philips, Swain 
2024-T3 (5.0±0.9)x10-4 

(8.3±4.3)x10-4 
S.A. Fawaz 

2024-T3 3.3x10-4 Falugi, Tuegel, Brooks,13 
2024-T3 
 

2.6x10-3 Brooks, Prost-Domasky, 
Honeycutt14 

7075-T6 2.6x10-3 Brooks, Prost-Domasky, 
Honeycutt 

7075? 4.3 x10-3 Johnson, Heller, and Yang 
7075? 5.0x10-3 Johnson, Heller, and Yang 
2024-T3 clad 2.0x10-3 Harris, Piascik, Newman [26] 

 
Lincoln15 fitted the crack size distribution from the B-707 tear down inspection data using a Weibull 

distribution.  Only the large cracks are used to fit the Weibull distribution.  Because large cracks 

contribute more to the failure.   Similar work was performed again by Lincoln in a structural risk 

assessment on USAF trainer aircraft.  Inspection data were fitted by both the lognormal and Weibull 

distributions.  Results show that Weibull distribution fit data better than the lognormal distribution. 

Yang et al have proposed a mechanistic-based analysis methodology for determining the EIFS 

distribution for any given critical location, based on limited experimental test results, such as S-N data.  

This methodology take into account the size (volume) effect so that the EIFS distribution for different 

critical locations can be established from test results using different specimen sizes and geometries.  High 

stress regions (determined by high stress gradient) have a significant effect on EIFS.  The stress gradient 

effect has been accounted for in the analysis methodology so that test results from smooth specimens 

can be used to determine the EIFS distributions at notches.  This technique is extremely useful for EIFS 

distribution estimation when detail experimental data are not available. 

Newman, Philips, and Swain et al pointed out that small crack growth is controlled by metallurgical 

features.  Small cracks nucleated at inclusion particles or voids, in regions of intense slip, or at weak 
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interfaces and grains.  Local grain orientation can influence crack growth too.  In their study, aluminum 

alloy 2024-T3 and 7075-T6’s initial flaw size is assumed to be 2.4x10-4 inch with an area equal to the 

average inclusion-particle sizes.  In another report, Harris, Piascik, and Newman selected the normal 

thickness of the clad as the EIFS size, 2.0x10-3 inch.  Because they found that the majority of fatigue 

cracks initiated by a fretting damage located in the faying surface clad from the results of the detailed 

destructive examination.  They also noticed that an EIFS of 3.90x10-3 inch reasonably predicts the life 

of the lap joint that exhibited much greater fretting damage and cracks that initiated earlier in life.  The 

2.4x10-4-inch EIFS results in a prediction that substantially over predicts the total fatigue life of the 

fuselage lap joint.  According to Harris, small crack initiation and growth is a three-dimensional process 

with cracks growing in the depth and length directions interacting with the grain boundaries at different 

times in their cyclic history.  Whereas a crack growing in the length direction may have decelerated at or 

near a grain boundary, the crack depth may still be growing.  As the crack grows in the depth direction, 

the rise in the crack-driving force contributes to the crack penetrating that barrier.  As the cracks 

become longer, the influence of the grain boundaries become less as the crack front begins to average 

behavior over more grains. 

M. Falugi, E. Tuegel, C. Brooks, R. Bee and D. Shelton proposed an interesting methodology that is 

known as Discontinuity State Evolution Process (DSEP).  DSEP use an Initial Discontinuity State 

concept to characterize the as-produced or as-manufactured condition of the material in order to 

establish the initial analysis condition.  An ECLIPSE lap splice model was established to account for the 

interactions of all of the effects and considers actual physical changes in the lap splice.  An Initial 

Discontinuity State distribution grows (including short crack considerations) under the effects of cyclic  

mechanisms and time-dependent mechanisms such as thickness loss, pillowing, pitting, roughness or 

topography, and multisite damage.  The holistic analysis used by ECLIPSE predicts the elapsed time 

and elapsed cycles (based on a specified aircraft utilization frequency) from the as-manufactured pristine 

condition until a time when the component can no longer acceptably remain in service. 

Kurth et al applied EIFS approach to the curved panel configuration to predict the initiation, growth, 

first link-up and residual strength of the curved panel test.  It was found that similar configuration flat 

panel EIFS behavior was different from test to test.  It was explained by the differences in the 3-
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dimensional growth behavior of the cracks depending on where they initiated.  It was also pointed out 

that it will work better with either the assumption that EIFS does not appear until some life has been 

used or the assumption that a new fatigue law or new material constants control the initiation stage. 

Various computer software16 have been developed for fatigue life estimation using EIFS methodologies, 

refer toTable 3.
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Table 3:  Available EIFS software. 

Software Organization References 
PROF U.S. Air Force Berens, West, and Trego17 
NERF Defense Science and Technology 

Organization 
Graham, Mallinson, and Tong18 

FEBREL The Boeing Company Torng and Edwards19 
PROMISS Martec Orisamolu, Lou and 

Lichodziejewski20 
NESSUS Southwest Research Institute Southwest Research Institute21 
PRISM Bombardier Aerospace, Inc., contract 

from National Research Council of 
Canada 

Forges22 

FASTRAN III NASA Langley Research Center Fawaz, Harris 23, Newman24 
AFGROW Air Force Research Laboratory Fawaz 
ECLIPSE Air Force, APES, Lockheed Falugi, Tuegel, Brooks, Bell and 

Shelton 
 

Test Methodology: Data from aircraft full-scale fatigue test and teardown can be applied for model 

validation.  For coupon samples any increasing ∆K fatigue test can be applied for testing.  Air Force 

Research Laboratory use flat wide panel for EIFS measurement.  The testing panels are based on 

fuselage splice joint designs that have been used in commercial aircraft for many years.  The four types 

of  configuration chosen are: 

• two longitudinal lap-splice joints 

• one longitudinal butt splice joint 

• one circumferential butt splice joint 

The strain gage wires can be connected to the data collection system.  The rotating self-nulling eddy 

current probe system can be applied for crack detection and measurement.  Traveling optical 

microscope can measure through-thickness cracks.  A linear voltage displacement transducer can be 

applied for the quantities measurement in the specimen width direction such as crack length.  Optical 

microscope and scanning electron microscope (SEM) can be applied for fractography examination.  

Details refer to the report by Fawaz. 



 
 

 ENGINEERING DEPARTMENT 

  SHEET A-10 NO. 4-087051-20 
  TOTAL A-23   
  ISSUE DATE  10/08/04 

 

Matrix of EIFS options 

The methodology to determine EIFS can be classified by a collection of analysis options:  

1) Data Points Per Crack 

a) Single Length Point, typically from service inspection results.  A single EFIS value is calculated 

from back-counting, so many cracks are needed to determine distribution. 

b) Multiple Length Points, either from marker bands on the fracture surface or measurement during 

testing.  Allows for regression on EFIS to fit data. 

c) Multiple Rate Points, typically from striation count measurements on the fracture surface. 

2) Integration Method (for Multiple Rate Points only) 

a) Point to Point 

b) Linear Fit (Paris) 

c) Bi-Linear Fit (Small and Long Crack Paris) 

d) β(a) – LEFM function of length and/or stress state 

e) Non-parametric curve fit that is not based on fracture mechanics 

3) Applied Loads 

a) Known loads, either constant or variable amplitude, applied during testing 

b) Unknown loads from service, modeled as constant amplitude. 

c) Unknown loads from service, modeled as variable amplitude,  

4) Assumed Stress State 

a) 1 Parameter, typically far field stress (σ) 

b) 2-3 Parameters, such as far field stress plus bearing (σbrg) and/or bending stress (σbend) 

c) Higher Parameter Load Cases, including shear, tearing, clamp-up (out-of-plane preload), 

interference (in-plane pre-load) 

5) Geometric β-factors and Crack Parameters  

a) Constant 

b) Function of crack length (1 Parameter) or length and depth (2 Parameter) and stress state 

Table 4 contains this classification for a selection of published EIFS methodologies. 
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Table 4:  Matrix of EIFS Options 

  Data Points per Crack Applied Load 

Amplitudes 

Stress State 

Parameters 

Geometry and Crack 

Parameters 

Johnson, Heller, and 

Yang, 19771 

1 Length 

Inspections in service 

Unknown, 

Modeled 

Constant 

1 

σ 

Constant geometry factor, 1 

Thru 

Rudd, 19776 1 Length 

Measurements after test 

Known Variable 2 

σ, σbrg 

Shape and retardation 

constants for each crack 

1  Thru 

 Multiple Rate 

Paris Integration 

Known Variable 2 

σ, σbrg 

1 

Thru 

Piascik and Willard, 

199825 

Multiple Length 

Marker bands in testing 

Known 

Constant 

2 

σ, σbend 

β(a), 1-2-1 

Cir. Corner/Corner/Thru 

Harris, Piascik, and 

Newman, 199926 

Multiple Length 

Marker bands in testing 

Known 

Constant 

3 

σ, σbend , σbrg 

β(a), 1-2-1 

Cir. Corner/Corner/Thru 

Fawaz, 20009 Multiple Length 

Marker bands in testing 

Known 

Constant 

3 

σ, σbend , σbrg 

β(a), 1-2 

Cir. Corner/Oblique Thru 
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Lessons learned: The crack initiation generated from Air Force Research Laboratory and other 

investigators may not represent the real situation for the crack initiation of aircraft structures.  Because 

the fatigue testing spectrum designed is clipped and truncated and may not represent the in-service 

aircraft loading conditions.  The EIFS calculations are prone to compounding errors in the crack growth 

analysis due to the changing stress intensity factor solutions and stress fields as the crack gets longer. 

Equivalent Initial Flaw Size is the most promising approach to determine the crack initiation.  An EIFS 

database can be established based on the full-scale fatigue testing.  Eijkhout model, corrosion fatigue 

model, and Monte Carlo method are also useful for crack initiation study.  The published initial fatigue 

crack initiation size for Al 2024-T3 ranges from 1x10-6 to 2.6x10-3 inch.  The available (in the open 

literature) initial crack size for Al 7075-T6 ranges from 2.4x10-4 to 5x10-3 inch. 
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IMPROVED STOCHASTIC APPROACH 

This approach27 is similar to EIFS.  It proceeds a backward calculation from a failure distribution 

function till a reference crack length.  The reference crack length is determined by the inspection method 

used or a value which is regarded as sufficiently small without reducing the strength and safe operation 

of the component.  From the resulting distribution function at this reference crack size, which is a 

function of time, the initial inspection time is derived based on a certain percentage of time, since cracks 

of theses sizes are present in the structure.  In this way the crack initiation phase is accounted for in a 

natural way. 
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EIJKHOUT’S MODEL 

Eijkhout28,47established an empirical model to estimate early MSD fatigue behavior from lap splice 

fractography examination. A schematic of the model is shown in Figure 2 and Figure 3. 

This model was based on the following observations: 

• MSD fatigue cracks tend to initiate at several sites near or at rivet hole corners, and grow in 

directions varying gradually from transverse (through-thickness) to longitudinal. 

• The transverse crack growth rates are nearly constant 

• The transverse and longitudinal crack growth rates are similar for cracks smaller than twice the sheet 

thickness. 

The assumptions for this model are: 

• Constant crack growth rate in the transverse direction, in general equal to the initial crack growth 

rate in the longitudinal direction 

 dc/dN=Ae Bai       (9) 

 where c is the crack length in the transverse direction, N is cycle, ai is the initiation length. 

• Crack depth c=0 at ai, the “initiation length.” 

• Quarter-circular crack fronts in the transition from transverse to longitudinal crack growth, and 

growth rate is 

da/dN=Ae B a       (10) 

 where a is the crack length in the longitudinal direction. 

 

Integrating both side of Equation (10) 
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c N N Aei
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int int( )= −     (15) 

where Nf and Ni are, respectively, the length of fatigue initial and the length of final failure, aint and cint 

are, respectively, the intermediate crack size in the longitudinal direction and in the transverse direction. 

Since the model estimates the fatigue initiation lives and the through-thickness life, it is useful for making 

in-service NDT inspection program.  The model can be made compatible with marker bands on the 

fatigue fracture surfaces of full-scale test articles.  When determining the striation-based crack growth 

rate equations, da/dN= AeBa, for individual cracks one can check the equations’ compatibility with the 

distances between marker bands, adjusting the equations if necessary. 

Lessons learned: Since the model is empirical, the parameters in the model have to be determined for 

each type of lap splice geometry, each type of surface treatment, and each type of aircraft, and also-

possibly - for fuselage areas where the design stress levels are significantly different, e.g. varying by 

more than 10% from the average.  In case dc/dN is not constant and crack initiated at rivet hole 

corners, one has to be careful about the application of this model. 
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Figure 2:  Eijkhout’s empirical model illustrated for a non-countersunk sheet and multiple fatigue 
initiation sites. 
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Figure 3:  Schematic of differences between actual and predicted early crack growth behavior in 
transport aircraft fuselage longitudinal lap splices: the predictions are fitted to the macroscopic 
observations and the IQFS values are obtained from actual manufacturing flaws or by back-
extrapolation using a macroscopic crack growth model.
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PITTING CORROSION MODELS 

According to Lincoln29, hidden corrosion is a major concern for continuing structural integrity.  Hidden 

corrosion is the undetected corrosion after inspection.  The amount of hidden corrosion is dependent of 

the NDT equipment and NDT personnel skills.  Pitting corrosion may accelerate the onset of 

widespread fatigue damage.  Experiments with specimens exhibiting pitting corrosion show that cracks 

appear much faster than otherwise expected.  R.Wei et al. developed a predictive model for pitting 

corrosion. 

Fatigue cracks will initiate earlier and grow faster in moist and other corrosive environment.  Moisture 

promote pitting and intergranular corrosion, thereby creating stress concentrations.  Faying surfaces and 

rivet/hole interfaces promote this type of attack through the mechanisms of crevice corrosion.  Darvish30 

et al studied fatigue crack growth in the environments of high and low humidity.  The material studied is 

7075 alloy.  It was found that cyclic condensation caused the formation of periodic beach marks on the 

fracture surface at low and medium stress intensities in the high strength 7075 alloys.  The increase in the 

humidity can affect the crack growth rate and may also cause a local change in crack growth direction. 

Since the early 1970s, corrosion has been recognized as one of the dominant factors in the inspection 

and maintenance activities of airline operations.  Extensive resources have been devoted to the 

development of corrosion prevention and control by Boeing, Air Force, etc. 
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R.P. WEI’S CORROSION FATIGUE MODEL 

It is reported that constituent particles in the alloys contributed to pitting corrosion.31, 32  There are two 

types of particles: one containing Al, Cu and Mg, and the other, Al, Cu, Mn and Fe.  The Al-Cu-Mg-

Fe-containing particles acted as cathodes and the Al-Cu-Mg-containing particles acted as anodes.  The 

interactions between the particles, and between the particles and the matrix , result in the nucleation of 

pits.  The growth and coalescence of pits, in depth and in breadth, led to the formation of large 

corrosion pits, from which corrosion fatigue cracks nucleate.  The transition from pit to corrosion fatigue 

crack growth is determined not only by the need to overcome the threshold K value for fatigue crack 

growth, but also by the competition between pit and fatigue crack growth rates. 

A simplified mechanically based probability model33 was used for estimating the probability of 

occurrence of damage in aircraft materials subjected to localized (pitting) corrosion and corrosion 

fatigue crack growth.  Probability of occurrence as a function of pit size was measured in this study.  

Fatigue cracks are most likely nucleated at sites of localized corrosion (pits), and grow in competition 

with (crevice) corrosion.  Pits are assumed to be hemispherical throughout and grow at a constant 

volumetric rate.  The pit depth a, up to the transition size  a tr  at which a crack initiates, is given by 
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; a≤ a tr     (16) 

where M is the molecular weight of the material; n is the valence; F is Faraday’s constant; ρ is the 

density; ∆H is the activation enthalpy; R is the universal gas constant; T is the absolute temperature of 

the ambient temperature; I P0
 is the pre-exponential term in the Arrhenius relationship for the pitting 

current; a0 is the initial pit radius; and t is the time required for a pit to develop to a depth of a. a0  and 

I P0
 are assumed to be random variables.  For aluminum, the different parameters are: 
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Table 5.  Parameters for Wei’s Model.99 

Parameter Aluminum 
Density, ρ (g/m3)    2.7x106 
Molecular weight, M  27 
Valence, n    3 
Activation Energy, ∆H(kJ/mol)  40 
Temperature, T (K) 293 
Crack growth exponent, nc     3.55 
Effective stress, ∆σ (MPa) 100 
Stress concentration factor, Kt     2.8 
Frequency, f (cycle/day)   10 
Radius of hole, r0 (mm)    3 
 

Statistical variability is modeled34 through Ipo, a0, Cc, and ∆Kth, which are chosen to be mechanistically 

and statistically independent of time.  a0 reflects material and manufacturing quality.  Variability 

associated with the influences of material properties and environmental factors on the resistance to 

fatigue crack growth is reflected in Cc, and ∆Kth.  Ipo, the pitting current generated from electrochemical 

reactions for pit growth.  The three-parameter Weibull cumulative distribution function is used to 

characterize random variables. 

F x
x

( ) exp= − −
−




















1

γ
β

α

,   x≥γ    (17) 

where x is the test value, γ is the location parameter, β  is the scale parameter, and α is the shape 

parameter. 

The statistical estimation for Ipo was based primarily on laboratory data obtained from pitting corrosion 

experiments conducted for 384 h.35  The mean and coefficient of variation (cv) for the three-parameter 

Weibull cdf for 2024-T3 aluminum alloy are reported to be:103 
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Table 6.  Random variables published by Wei et al.36 

Random variable The Mean cv (%) 
Initial pit radius a0 (m) 4.8x10-6 100 
Fatigue coefficient Cc (m/cyc)/(MPa m ) 6.2x10-11  32 
Pitting current constant Ipo (A) 9.5x10-3 220 
Threshold driving force ∆Kth (MPa m ) 2.3  50 

ρ, M, n, ∆H, T (K), Ipo, and a0 are known parameters based on Table 13 and Table 14,.  Thus 

Equation (16) becomes: 

a x t in day x in3 11 3 1 12 39 2 10 67 10= +− − −. [ ][ ] . [ ]      (17) 

It is evident that Wei’s model can be calibrated and validated if corrosion fatigue cracks are identified 

and the cracking history is known. 

Lessons Learned:  Ipo, the pitting current generated from electrochemical reactions for pit growth, has 

the most uncertainty because of the complexity of the process, the difficulty in measurements, and the 

lack of the actual environmental history. 
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INTRODUCTION 

The purpose of this review is to collect the published literature that have particular relevance to 

the analysis of MSD/MED propagation in a fuselage lap joint.  Damage Characterization of the 

cracks from N474DA has led to identification of six stages of crack growth, as shown in Figure 

1.  These stages provide the organization for this review. 

Stage 1:  Multiple Small Cracks 

In this stage, the cracks are small compared to the plastic zone size at the crack tip, and of 

similar or smaller scale to the surrounding micro-structure.  For Al 2024-T3, the local grain 

microstructure is on the order of 20µm - 40 µm (˜ 0.001" - 0.002").  Cracks less than 100 µm  

(˜0.004" ) are considered "physically small".   This regime is classic small crack regime as 

discussed by Lankford[1], Miller[2], and Suresh and Ritchie[3], and is noted for: 

- Crack shape and local microstructure are influential in growth or arrest 

- Crack growth can be faster than predicted by long-crack models  

- Growth threshold low to non-existent (compared to long crack threshold) 
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- Consistent use of continuum mechanics to long crack growth is difficult. However, 

Newman et al. [4] have reported success with long crack equations in this regime 

provided that an effective stress intensity value (∆Keff ) accounting for crack closure is 

used. 

Lukáš and Kunz [5] provide a contemporary overview of the current state of the art in small 

crack nucleation and growth.  According to the authors, despite the development of a large 

number of crack initiation models over the past fifty years, there are no quantitative descriptions 

of the interaction behavior between flaws just at the point of nucleation.  In fact, the authors 

conclude that even the qualitative prediction of whether a given interaction is shielding or 

amplifying has not been developed for a general case.  However, as microcracks propagate to 

the point where they are no longer micro-structurally small, analysis based on linear or elastic-

plastic fracture mechanics quickly becomes applicable even for mechanically small cracks. 

Murakami and Endo [6] discuss effect of small flaws on fatigue resistance .  This work built 

upon the earlier work by Murakami [16] and the use of area  as a geometric parameter for 

complex crack shapes (see discussion in following section).  For 3D cracks or flaws, area is 

defined as the area of the fracture surface projected onto a plane normal to the maximum 

principal stress.  Based on experimental results, Murakami and Endo derive the relationship for 

the threshold stress intensity for surface defects: 

( )( ) 3
1

area120H10x3.3K V
3

th +=∆ − , 

where Hv is the Vickers hardness of the material.  Cracks with stress intensities below ?Kth will 

remain non-propagating flaws. 

TerMaath [7] determined the stress field on a plane containing multiple complex, interacting 

cracks through simultaneous solution of superimposed traction-free conditions.  For metals, this 

solution is particularly applicable to a surface with a large number of micro-cracks in the earliest 

stages of crack initiation. 
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Brezensek and Hancock [8] address the re-characterization of multiple complex flaws as a 

simple idealization.  The authors perform FEA to determine SIF and T stress values along the 

crack front of two coalesced surface cracks, and conclude that the SIF is in reentrant area is 

significantly elevated.  Several possible geometries of coalescence are examined:  co-planer 

cracks, non-coplanar with a distinct shear step, and overlapping non-coplanar cracks which 

coalesce away from the free surface.  For these cases, the authors conclude that the current re-

characterization guidelines in use in pipe and pressure vessel industry (see Refs [9] and [10]) are 

conservative for fatigue growth and ductile tearing calculations.  Analytically, the presence of a 

shear step between cracks significantly decreased the Mode I (opening) SIF while increasing 

the Mode 3 (tearing) SIF, but experiments showed not significant effect to the crack growth 

rate of the re-entrant crack section.  Based on experiments and analysis, the authors conclude 

that interaction effects are only significant when the crack tip spacing between two adjacent 

cracks is less than one half the depth of the deepest defect.  Continuing their analysis into Ref 

[11], the authors conclude that while the current re-characterization guidelines are conservative 

for fatigue growth and ductile tearing, they may be unconservative in some cases for cleavage 

failure. 

Newman et. al [4]used a simple interaction criteria for small crack growth.  In their work, the 

objective was to discard experimental growth rate data from cracks under an interacting 

influence.  Therefore, data was discarded from cracks during interaction as defined by the 

criteria in Figure 3.  This procedure discards data from the time of first interaction to the time 

when the final coalesced crack has become stable. 

Carpinteri et al. [12] conducted a parametric numerical study to investigate the interaction 

between two adjacent surface flaws of equal size in a finite width plate.  Consistent with lap joint 

results [44], the authors conclude that there is no appreciable crack interaction if the distance 

between crack fronts is twice the total crack length.  Interaction at a given spacing is highest for 

deeper cracks, and the influence of the aspect ratio on the interaction increases as the relative 

crack depth increases. 
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Stage 2:  Irregular Crack Shape 

Mastrojannis et. al [13] use numerical solution of an integral equation formulation to determine 

the stress field associated with square and triangular embedded cracks.  These numerical 

solutions were used subsequently as a baseline for comparison with approximate solutions in 

Ref's [16] and [18]. 

Gao and Rice [14] investigate the stability of perturbations from an almost elliptical embedded 

crack.  Stability is defined such that a stable crack will grow back into its original configuration 

after some perturbation, such as crack front “trapping” from a micro-level heterogeneity 

analyzed by the same authors[15].  Gao and Rice develop a critical wavelength below which 

perturbations will decrease, and show that, for circular cracks, any possible first-order 

perturbation is below that wavelength.  Therefore, any circular crack under tensile loading will 

tend to return to a circular shape even as it transits micro-scale obstacles.  While this work was 

oriented towards stable quasi-static fracture, the conclusions are valid for fatigue crack growth 

as well.  It is generally accepted [3] that the physics of a crack’s interaction with impeding 

obstacles such as grain boundaries is an important driver in small crack behavior. 

Murakami and Nemat-Nassar [16]develop a stress intensity solution for an arbitrary crack 

shape by discretizing the crack into triangular sub-regions.  The stress intensity for the entire 

crack is found through numerical integration over each of the triangular sub-regions.  Murakami 

uses this approach to model the coalescence of two adjacent elliptical flaws to evaluate the 

stability of the coalesced crack.  In addition, he models a number of arbitrary shapes to find an 

approximate solution valid for all of them.  The conclusion is that the maximum stress intensity of 

a surface crack can be approximated with reasonable accuracy by 

area629.0K 0axIm πσ≅  

where "area" is the effective area of the fracture surface.  Murakami considers this 

approximation valid for any convex crack shape with a aspect ratio less than 5.  Noda [17] 
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used an integral equation method to extend this approximation to shear and tearing modes (note 

that π  is absent from Noda’s published equation): 

area55.0K yzmaxII τ≅  

area45.0K yzmaxIII τ≅  

Cox and Morris[18] develop an approximate solution for the stress intensity anywhere along the 

crack front of an arbitrarily shaped 2D crack.  The approximation was developed to be used in 

Monte Carlo analysis, and therefore trades reduced accuracy for the computational efficiency 

needed to perform a large number of calculations. 

Hwang and Ingraffea [19] describe the current state of the art in numerical analysis of crack 

growth.  Software exists to model the propagation of an arbitrary-shaped flaw within a complex 

3-dimensional solid (e.g., FRANC3D combined with FEA[20]).  The resolution of the analysis 

is primarily limited by computational resources.  For example, the fracture simulation shown in 

Figure 4 produced a detailed model of crack propagation in a complex 3-dimensional body that 

correlated well with service findings.  However, the simulation required approximately 200 

computation hours on a 2.4 GHz, 128 processor PC cluster, a very large computational 

expense. 
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Stage 3:  Regular Crack Shape  

The stress intensity solutions such as Newman and Raju [21] are the baseline equations for 

fracture mechanics analysis in industry.  These semi-empirical fits to numerical analysis were the 

core of the early fracture mechanics codes for personal computers such as NASA FLAGRO 

[22] and USAF MODGRO (to become AFGROW [26]).  These codes were reasonably small 

and written in FORTRAN or BASIC, so a compact equation that could be solved within a 

subroutine was necessary.  As computational abilities of personal computers improved, 

interpolation of a stress intensity value from a very large table such as in Fawaz [25] also 

became acceptable. 

Gosz and Moran [23] determined ?KI for small cracks growing from an open countersunk hole 

under remote tension.  After a baseline comparison to simple elliptical cracks for which FEA 

solutions were available, a series of analysis was accomplished using the domain integral 

method.  All analysis was conducted for one non-dimensional countersink geometry, in that h/t, 

R/t, and d/t remain constant (see Figure 5).  Analyses were conducted for a series of crack 

lengths, beginning with a small elliptical crack at the knee of the countersink, and ending with a 

through crack beyond the countersunk region.  The results of this report are a collection of 

tabulated Boundary Correction Factors for cracks of varying length and aspect ratio. 

In a typical lap joint, Fawaz [24] applies a Virtual Crack Closure Technique (VCCT) FEAM to 

find stress intensity formula for through cracks with elliptical crack fronts.  Because of the 

relatively large magnitude of secondary bending in a lap joint, corner crack propagation typically 

leads to elliptical through cracks which are significantly longer on the faying surface than on the 

exposed skin surface.  Fawaz models these oblique crack fronts as an elliptical front with a 

minor axis (crack depth) longer than the skin thickness.  Using a series of VCCT-FEAM 

analyses, Fawaz [25] tabulates the stress intensity along the elliptical crack front at several a/c 

ratios for remote tension, bi-axial tension, remote bending, and point, cosine and cosine2 pin 

loads.  These stress intensity tables were subsequently incorporated into the AFGROW analysis 

software [26] and were used in Fawaz’s study of Equivalent Initial Flaw Sizes [27]. 
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Later, Fawaz and Andersson [28] conducted a hp-method FEA analysis to generate a large 

series of asymmetric double corner crack solutions.  The hp-method increases both the element 

resolution and the numerical order of the FEA model; combined with a mathematical splitting 

scheme, this computationally efficient algorithm allowed a large number of crack geometry 

problems to be solved to an arbitrary precision.  Fawaz and Andersson note that their result is 

the solution to the Bakuckas round robin problem [31], with other finite and boundary element 

methods correlating within 2%.  Solutions by other methods were lower, and KI per the 

baseline Newman and Raju solution were up to 26% lower for some geometries, particularly 

where the crack front intersects a free surface.  Tabular solutions based on this work were also 

incorporated into AFGROW [26].  The solutions for symmetric and asymmetric corner cracks 

under remote stress were verified against experiments with Al 7075-T651 by Fawaz, 

Anderson, and Newman [29]. 

Rahman et al [30] used a global-intermediate-local FEA approach to tabulate ? KI for five 

crack shapes in a open countersunk hole under tension, bending, and bearing loading.  The 

depth of the countersink (h/t in Figure 5) was varied, but other non-dimensional parameters of 

the countersunk hole remained constant.  The results of this report are a collection of tables and 

graphs for Boundary Correction Factors for each of the five crack lengths under each stress 

type and h/t ratio. 

Bakuckas [31] conducted a round robin comparison of Boundary Correction Factors for a 

single straight shank hole geometry determined using a collection of 3D methods: FEA, domain 

integral, FEA alternating, boundary element, weight functions, and the semi-empirical equations 

from Newman and Raju [21].  All results were within a narrow, 3% band, supporting the 

conclusion that any of these methods are acceptable provided that good analysis practices (e.g., 

convergence studies) are followed. 
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Stage 4:  Starburst Crack Shape 

Fastener hole starburst cracking was present in the teardown work of Piascik and Willard [32], 

but analysis of this type of cracking is not extensively discussed in the literature.  This lack is due 

in part to the large number of variables, and the complex interrelationships between crack 

lengths, initiation locations, propagation angles, and local stress state.  However, this 

configuration is particularly suitable for numerical analysis, such as 

- VCCT (Virtual Crack Closure Technique) for 2D/3D FEA models, discussed by 

Krueger [33]; 

- FADD (Fracture Analysis by Distributed Dislocations) analysis code using 2D BEM 

models, partially incorporated into NASBEM/NASGRO [34] and FADD; 

- Other 3D adaptive methods of Computational Fracture Mechanics (including 

FRANC2D, FRANC2D/L and FRANC3D) as discussed by Ingraffea [35]. 

Stage 5:  Periodic MSD without Interaction 

Harris, Piascik, and Newman [36] present an “engineering approach” to predict MSD growth 

in fuselage lap joints.  The approach draws from the teardown of fastener holes from a fuselage 

lap joint with the equivalent of three DSG of pressure cycles.  The authors’ approach has 5 

basic components: 

1) Global and local stress analysis, typically with a finite element model hierarchy; 

2) Local (detail) analysis at the hole to determine the components of remote, bearing, and 

bending stresses.  The authors report good results for bending stresses using the 

Hartman-Schijve equations [37], which have been extended to a three row lap joint by 

Fawaz[38].  The authors note that the rivets installed in the subject test article were neat 

fit, so a complex analysis of the potential effects of rivet interference was not required. 

3) Stress intensity factor determination to represent the expected crack configuration.  In 

this study, the authors’ note that the final results for a corner crack initiating at a 
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countersink were not overly sensitive to the choice of initial crack geometry (corner or 

straight) or hole geometry (countersunk or straight shank).  In keeping with an 

“engineering approach”, the authors use a simplified geometry representing a corner 

crack from a neat-fit straight hole in their analysis, with good results. 

4) Fatigue analysis, including the choice of starting flaw size and crack growth rate.  The 

authors recommend using a crack growth model incorporating crack closure (e.g., 

FASTRAN [39]), which allows use of an effective stress intensity throughout the 

analysis, even for very small cracks. 

5) Residual strength analysis to determine the critical end state of the analysis.  The authors 

conclude that non-linear fracture mechanics is required to satisfactorily complete this 

step. This requirement is in contrast with current industry recommendations [40] that 

suggest that the crack growth analysis can be stopped at an earlier sub-critical condition 

where linear mechanics is still applicable (e.g. first crack link-up at limit load) without 

greatly reducing the predicted total crack growth time. 
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Stage 6:  Asymmetric MSD with Interaction 

Dawicke and Newman [41] developed a stress intensity solution for interfering MSD cracks of 

unequal length under uniaxial tension.  The stress intensity factor is calculated by 

superpositioning a hole correction factor onto the results of an iterative solution for the 

interacting cracks.  Stress intensity results were validated through comparison to an FEA 

solution, and life prediction results were validated through comparison to a series of fatigue 

tests. 

Stefanescu [42] conducted a series of constant ?KI experiments with asymmetric cracks within 

a finite width plate to determine empirical correction factors from the diametrically opposed 

case.  The author’s results are consistent with previously published [43] analytical results 

showing that the stress intensity at each crack tip is more than for the same length single-crack 

case, with the greatest increase at the longer crack.  His correction factor for the primary 

(longest) crack is 

ecc4298.0p
ecc eF = , 

where the normalized eccentricity ecc is defined as a function of the hole radius and the long (ap) 

and short (as) crack lengths 

aar

aa
ecc

p

sp

++

−
≡ . 

De Rijck and Fawaz [44] use a 3D VCCT analysis similar to [24] to quantify the point where 

interaction between adjacent oblique (elliptical) through cracks in a fastener joint becomes 

significant.  The authors conclude that for oblique cracks that are almost straight (i.e., a/c >> 1), 

interaction occurs when the distance between crack tips is 50% of the fastener spacing.  This 

conclusion is consistent with previously published [43,45] conclusions for the interaction 

between adjacent through cracks.  However, for more shallow cracks which are typical in a 

bending-influenced lap joint, interaction does not occur until the distance between crack tips is 

as low as 20% of the fastener spacing. 
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For an infinite series of equal length MSD, Swift [46] states that failure will occur when the net 

section stress between cracks exceeds the flow stress, approximately (Ftu+Fty)/2.  For other 

crack arrays, the premise for Swift’s model is that MSD link-up occurs when the plastic zones 

leading each crack tip touch.  This criterion is applicable both to the initial link-up between two 

adjacent MSD cracks with little surrounding damage, and to a lead crack propagating through 

existing MSD.  Swift uses the Irwin model for plastic zone size, in which the plastic zone radius 

varies linearly with the square root of KI / normal stress.  Collins and Cartwright [47] built upon 

previous work by Dugdale[48], Tada[49], and Theocaris[50] to determine the plastic zone 

sizes at all tips of asymmetric, interacting cracks as a non-linear function of the normal 

stress/yield stress.  As with Swift, crack link-up occurs when the two inner plastic zones 

coalesce. 

More complex criteria for MSD crack link-up have also been proposed.  Broek [51] proposed 

an empirical equation for the link-up stress as a function of the crack geometry and material 

collapse stress based on the Foster-Miller [52] testing of 20 inch panels with MSD.  Based on 

the same test data plus additional STAGS analysis, Ingram et al [53] proposed an updated 

engineering approach resulting in a transition factor response surface fit from a least squares 

minimization.  Smith et al. [54] revised the Broek criteria such that it is a function of yield stress 

values available from accepted industry sources (e.g.,  Mil-Hdbk-5, MMPDS) 
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Figure 1: Six Stages of Crack Growth 

 

 

Figure 2:Small Crack Measurements and Prediction from Newman et al. [4] 
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Discard L2 data after d1,2 < L1
Discard L1 data after d1,2 < L2 Discard data until L = 2 (L1+L2)  

Figure 3:  Interaction Criteria from Newman et al.[4] 

 

Figure 4:  Model of crack growth in spiral bevel transmission gear described by Ingraffea [20] 

 

Figure 5:  Notation for Countersunk Holes (from Gosz [23]) 




